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“The trouble with having an open mind, of course, is that people will insist on coming 
along and trying to put things in it.” 




“I may not have gone where I intended to go, but I think I have ended up where I needed 
to be.” 
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Redox active conjugated polymers are actively being investigated for use in a 
variety of applications including electrochromism, charge storage, plasmonic resonance 
tuning, and electrochemical transistors. This thesis describes the development of 
processable, electron-rich dioxyheterocycle-based polymers for use in electrochromic and 
charge-storage applications. Previously, the materials used in the Reynolds Research 
Group for charge storage have been insoluble polymers prepared via electrochemical 
polymerization. This thesis reports the development of soluble polymers that can be 
solution processed from organic or aqueous solutions (inks) and are redox active in 
organic or aqueous electrolytes with variable optical and redox properties through subtle 
differences in the repeat units and heteroatoms used.  
Materials with low onsets of oxidation and broad electroactivity over a large 
voltage window, as seen with electropolymerized poly(3,4-ethylenedioxythiophene) 
(PEDOT), are of interest for charge storage applications. Chapter 3 reports and discusses 
the copolymerization of alkoxy-functionalized 3,4-propylenedioxythiophenes (ProDOTs) 
with unfunctionalized 3,4-ethylenedioxythiophene (EDOT) in varying ratios using direct 
arylation to produce a series of solution processable polymers with highly tunable optical 
and electronic properties. Within this series, we have identified poly(ProDOT-alt-
biEDOT) (PE2), a copolymer containing 67% EDOT compositionally, which combines 
the low oxidation potential, the redox behavior, and the deep-blue neutral color that are 
characteristic of PEDOT with the high solubility, exceptional electrochromic contrast, 
and color neutrality in the oxidized state characteristic of alkoxy-functionalized 
 xxvi 
polyProDOTs. 3,4-Phenylenedioxythiophene (PheDOT) is a unit that is similar to EDOT 
in terms of planarity and steric interactions but has different electronic properties due to 
an attached phenyl ring that allows for electron delocalization away from the thiophene 
ring. This unit, and its use in soluble copolymers prepared via direct (hetero) arylation 
polymerization (DHAP), is discussed in Chapter 4. The notable C-H inactivity of the 
attached phenylene unit is compared to aromatic solvents used for DHAP and the redox 
stability of these copolymers are demonstrated. In order to decouple the effects of 
planarity and electron density in redox active polymers, differences in redox properties 
between poly(ProDOT-alt-biPheDOT) and PE2 are discussed.  
Dioxyselenophenes are another group of heterocycles that have significantly 
different properties to their thiophene counterparts; due to various factors including 
lowered aromatic character. The first example of a solution processable dioxythiophene-
alt-dioxyselenophene polymer, poly(ProDOT-alt-EDOS), prepared via DHAP is reported 
and its optical and electrochemical properties are compared to the all thiophene analog 
and other relevant dioxythiophene polymers. By substituting the sulfur atom for a 
selenium atom on one of the monomers in the repeat unit, a significant red-shift of both 
the neutral and polaronic absorbances results, as well as a reduction in the onset of 
oxidation compared to the all thiophene analog.  
Due to the redox and optical similarities of PE2 and PEDOT, the solid-state 
electrical conductivity of the chemically doped ProDOTxEDOTy series (discussed in 
Chapter 3) is studied in Chapter 6. Additional polymer structures are introduced to 
understand the structure property relationships and the conductivity of PE2 is optimized 
to ~250 S/cm. Because of this high electrical conductivity, an oxidized PE2 film was used 
 xxvii 
as a transparent electrode for another electrochromic polymer to switch between purple 
and colorless states.  
Chapter 7 outlines a chemical defunctionalization method that allows for the 
preparation of conjugated polymer films that can be processed from both aqueous and 
organic solvents and used as redox active films in either organic or aqueous-based 
electrochemical devices. Ester-functionalized ProDOTs are polymerized and purified 
from organic solvents; afterwards, they can be converted to their conjugated 
polyelectrolyte (CPE) form via saponification, allowing them to be processed into thin 
films from water. Post-processing functionalization of the CPE films using dilute acid 
creates a solvent resistant material that is electrochemically active in both organic and 
aqueous electrolyte systems. The versatility and robustness of this solvent resistant 
polymer is shown in a series of aqueous electrolyte systems, as well as in biologically 
compatible electrolytes (human serum, sports drinks, etc.). To show the use of these 
materials in redox active devices; two applications, namely electrochromics and charge 
storage, were examined using environmentally benign salt water as the electrolyte. 
Supercapacitors using these films in NaCl/water remained operational after 175,000 
charge/discharge cycles.  
Finally, Chapter 8 will demonstrate how the chemical defunctionalization method 
outlined in Chapter 7 can be used with polymers bearing ester side chains orientated so 
that upon hydrolysis only alcohol groups remain, resulting in higher mass capacitances. 
The alcohol functionalities remaining after hydrolysis result in hydrophilic films that are 
redox active in organic and aqueous media and exhibit exceptionally low onsets of 
oxidation. 
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CHAPTER 1. INTRODUCTION TO ELECTROACTIVE 
CONJUGATED POLYMERS 
 
Partially adapted from:  
Conducting Polymers: Redox States in Conjugated Systems, Ponder, Reynolds, The 
WSPC Reference on Organic Electronics; Brédas, Marder, Ed.; World Scientific 
Publishing Co. Pte. Ltd., Singapore, 2016; Vol. 2; p 1 
 
1.1 Development of Conjugated Polymers 
 The modern field of π-conjugated active materials is generally considered to have 
started in the 1970’s with the preparation of free-standing films of polyacetylene (CH)X 
that, upon oxidative doping, attain high levels of electrical conductivity.1,2,3 This 
research, carried out in the research groups of Hideki Shirakawa, Alan MacDiarmid and 
Alan Heeger, provided the crucial discoveries that stimulated the field of conjugated 
polymers and ultimately led to the awarding of the Nobel Prize in Chemistry in 2000.4 
However, commonly overlooked is the early syntheses of polyaniline and polypyrrole 
and even the term “synthetic metal” is commonly misattributed to the later work on 
polyacetylene.5,6 In 1934 F. F. Runge was, to the best of my knowledge, the first to report 
the preparation of polyaniline via the oxidation of aniline.7 Additional experiments were 
performed using polyaniline in the mid 1800s and an in depth discussion of this work in a 
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historical context was published S. C. Rasmussen in 2011.5 The second conjugated 
polymer to be developed was polypyrrole in 1963 by D. E. Weiss.5,8 This was achieved 
by the dehalogenative polymerization of tetraiodopyrrole to form a structurally irregular 
black material that was potentially iodine doped.8 Additionally, it was found that same 
year that polypyrrole was electrically conductive and that removal of the iodine, via 
various methods, resulted in an increased resistance of the material.9 The oxidative 
polymerization of furan, pyrrole, and thiophene was then discovered in 1967 and the 
resulting materials were characterized via various methods.10 The next big step in the 
field is the previously mentioned polyacetylene research that many believe started 
everything. This story has been related in many reviews, publications, and books and will 
not be repeated here.4,11,12 
1.2 Development of PEDOT 
 In the 1980’s Bayer’s Central Research Department worked to commercialize 
polyacetylene and develop new conjugated polymers. While their research into 
polyacetylene did not result in a stable, commercializable material13, it did lead them to 
investigate new polymers composed of heterocycles, where the oxidized forms are 
stabilized be the hetero atoms.14 Dioxythiophenes (XDOTs) were ultimately invented by 
manipulation of the thiophene synthon into a bicyclic system containing a dioxane ring 
and a thiophene ring. After exploring different size dioxane rings it was found the 3,4-
ethylenedioxythiophene (EDOT) could be prepared and oxidatively polymerized using 
ferric chloride.15 After several years of research and development, polyEDOT (PEDOT), 
poly(3,4-propylenedioxythiophene) (PProDOT), and several other polymers were 
reported in the literature.16 The use of PEDOT as a transparent antistatic coating and as 
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an anode electrolyte material in polymer aluminum electrolytic capacitors, were also 
reported.16 Interestingly, PEDOT, in various doped forms, is commonly used in 
commercially available aluminum electrolytic capacitors from such companies as 
Panasonic and Jianghai, to name a couple. These capacitors are in devices ranging from 
uninterruptible power supplies to car airbags, making PEDOT a common household 
product, even if people aren’t aware of it.  
1.3 Development of Soluble PProDOTs and other XDOTs 
 The ProDOT unit was first developed, as previously discussed, by Bayer and 
reported on in 1992.16 Two years later it was reported that both electropolymerized 
PEDOT and PProDOT are electrochromic polymers (ECPs) that reversibly switch 
between vibrantly colored charge neutral states and less colored (or transmissive) 
oxidized states.17 In 1997, these two polymers were then investigated more fully as 
electrochromic materials with additional experiments e.g. chronoabsorptiometry and in 
situ conductivity were performed to gain a better understanding of the redox behavior.18 
It was then found that functionalizing the 2 position of the propylene bridge of the 
ProDOT unit allows for incorporation of solubilizing side chains without compromising 
the electrochromic properties.19,20 The use of two 2-ethylhexyloxymethyl (EtHxOCH2) 
side chains on the ProDOT unit provide excellent solubility (>40 mg/mL) for the 
corresponding homopolymer with EC properties that are overall superior to 
electropolymerized PProDOT.20 This homopolymer became known as ECP-Magenta 1 
(ECP-M) and is still used in 2017 as a model ECP.  
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 Several other 3,4-alkylenedioxythiophene units have also been developed over the 
past two decades.14 Two of relevance to this thesis are 3,4-phenylenedioxythiophene 
(PheDOT) and 3,4-vinylenedioxythiophene (VDOT). In 2004 the Roncali group reported 
the synthesis of PheDOT and several derivatives of it and later expanded on this work by 
preparing biPheDOT and terPheDOT.21,22 The use of PheDOT and biPheDOT as novel 
monomers will be discussed further in Chapter 4. Following the development of 
PheDOT, the Roncali group reported VDOT in 2006.23 Unfortunately, VDOT has not 
received much attention and little is know about the properties of this monomer and 
corresponding homopolymer.  
1.4 Doping and Charged State 
 PEDOT is an exemplary thiophene based polymer that forms an excellent 
conductor in the doped state, and Figure 1.1 demonstrates it’s oxidative doping.24,25 The 
neutral form of this polymer can be viewed as a series of aromatic thiophene rings linked 
together. The aromatic stabilization energy of the repeat units causes there to be little 
intrinsic conjugation between rings leading to neutral polyheterocycles having lower 
intrinsic conductivities than polyacetylene. Interestingly, the sulfur atoms in the 
thiophene heterocycle interact with the pendant oxygen atoms at the 3,4-positions via a 
weak donor-acceptor (D-A) type interaction. This D-A interaction assists in the 
planarization of PEDOT, putting the repeat units into a planar conformation with a high 
degree of π-overlap along the polymer chain.26,27 Oxidative doping, illustrated by the first 
electron transfer reaction in Figure 1.1, leads to a delocalized cation-radical in which the 
extent of delocalization is controlled by the somewhat higher quinoidal energy state as 
the radical (spin) and the cation (charge) are coupled to one another, and they can be 
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viewed as a polaron charge carrier. The second oxidative electron transfer shown in 
Figure 1.1 leads to the dication structure in which the two cations are again coupled to 
one another through the quinoidal state. In essence, while the cations coulombically repel 
one another along the polymer chain, their increased separation leads to a higher degree 
of quinoidal content giving them an optimal average number of double bonds across 
which the di-cation is delocalized. These coupled di-cationic charge carriers are termed 
bipolorans in comparison to such coupled charge carriers in classical semi-conductors.28 
Due to the tunability of the repeat unit structure, doping level, and the choice of dopant 
used, it is possible to generate conjugated polymers with electronic properties that can be 
described as insulating, semiconducting, semi-metallic, and even metallic in nature.29,30 
Due to its electron rich nature, PEDOT is much easier to oxidize than polyacetylene and, 
thus, the oxidatively doped complexes are more stable. The maximum level of doping for 




Figure 1.1. Structural scheme of the stepwise oxidation of PEDOT. Initial 
oxidization (from the neutral polymer) forms a cation radical (polaron) that is 
counter balanced by anion A- followed by a second oxidation to form a dication (or 
bipolaron) with balancing charge, yielding a highly p-doped material. Figure taken 
from The WSPC Reference on Organic Electronics and used with permission.33 
 
 The introduction of charge states along the conjugated chain, via oxidation or 
reduction, leads to new optical transitions at the expense of the interband or π to π* 
transition. This is easily monitored for films deposited on transparent electrode substrates 
(typically indium tin oxide, ITO, coated glass) in a spectroelectrochemical series as 
illustrated for PEDOT in Figure 1.2. Here, the electrochemical polymerization of PEDOT 
on ITO forms a film first in its oxidatively doped state which can subsequently be 
reduced to the neutral form at a relatively low potential (-0.9 V). This film is then placed 
in a monomer free electrolyte solution and its spectra probed as a function of increasing 
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broad absorption profile, this polymer film absorbs a major fraction of the long 
wavelength (low energy) visible light, transmitting the short wavelength, and appears 
deep blue to the eye. Stepwise oxidation of the film leads to depletion of this absorption 
and subsequent increase in absorption with a peak at ~ 1000 nm (1.2 eV) and further 
absorption stretching well into the near infrared. As the polymer film reached its fully 
oxidized state, the π to π* absorption is effectively “bleached” and absorption is 
transferred predominately into the near infrared with a long tail back into the red region 
of the spectrum. With this, the film under goes a strong blue to a faint sky-blue 
transmissive electrochromic switch. This electrochromic switch is fully reversible and 
will be discussed in detail for a series of polymers below. The faint blue color observed 
in this film, often referred to as tailing absorption in to the visible, is due to aggregation 
in the solid state and resembles the Drude absorption of metals.34-36 
 
 
Figure 1.2. Spectroelectrochemistry of an electropolymerized PEDOT (details in 
Chapter 3) film on ITO. Higher energy (visible) absorbsotion is gradually 
suppressed as the film is electrochemically oxidized (doped). It can be seen that as 
the high energy absorbance decreases, the low energy absorbance increases, leaving 
a visibly “transparent” film. 
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 These results can be explained using a band diagram to illustrate the 
electrochemically induced charge states and their optical transitions as shown in Figure 
1.3 for a non-degenerate ground state polyheterocycle system.37 Initially, the single 
absorption from the neutral form of the polymer can be expressed as a transition between 
the polymer valence band (the gray lower box) to the polymer conduction band (the white 
upper box), using inorganic semiconductor terminology. The magnitude of the energy 
(Eg) required for this absorption then determines the wavelength of absorption onset and 
has a significant impact on the color of the film observed, although the λmax and overall 
transmittance profile also are critical for color control. Initial oxidation forms delocalized 
cation radicals (polarons in Figure 1.3) which exhibit two new absorptions of lower 
energy then the initial π-π* transition. The solid arrows in Figure 1.3 illustrate the 
predominate electronic transitions while the dashed arrows illustrate less favored 
transitions due to electron-hole symmetry.38 As the cation and the radical are coupled to 
one another in the polaron state, they are mobile along the chain and can move from 
chain to chain leading to electrical conductivity. Subsequent further oxidation, and 
coupling interactions between polarons, leads to the dicationic bipolarons. As Figure 1.3 
shows, this leads to elimination of the spin in the intra-band state and the absorbance at 
1.2 eV decreases. At the same time, the bipolarons have the long wavelength transitions 
(Eb1) and absorption in the near infrared continues to increase, ultimately leading to a 
band of energy states known as bipolaron bands.39 Again, the delocalized cations of the 




Figure 1.3. Band diagram of the possible optical transitions for a non-degenerate 
polyheterocycle system. Taken from the dissertation of C. A. Thomas which was 
adapted from Bredas, J. L., Street, G. B. Acc. Chem. Res. 1985, 18, 309-315.37,39 
 
1.5  Control of Color and Redox Behavior 
 Dioxyheterocycle chemistry is highly versatile and has allowed the synthesis of a 
family of ECPs that provide vibrant hues of color states in their neutral form, which can 
be switched into their highly transmissive (bipolaron) forms.40 The soluble ProDOT 
homopolymer, ECP-M, has a pinned back seven membered ring with oxygens that 
engage in non-bonding interactions with the sulfur atom of the adjacent thiophene ring 
that ultimately relaxes steric interactions along the conjugated chain and leads to a peak 
absorption near 550 nm, approximately in the middle of the visible spectrum. As such, 
this polymer film transmits both red and blue light and appears magenta/purple to the 
eye.20 Changing the substituents to an acyclic derivative leads to steric twisting of the 
backbone, decreasing conjugation, and widening the band gap such that the polymers 
peak absorption shifts to ~485 nm making the polymer appear orange.41 
Copolymerization of the ProDOT unit with a 1,4-phenylene unit leads to increased 
twisting such that the peak absorbance is ~450 nm. In this case, all of the visible light at a 
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wavelength longer than 525 nm (the onset) is transmitted and the film appears yellow to 
the eye.42,43 Alternatively, the introduction of electron poor units, such as BTD, in 
conjunction with the electron rich ProDOTs, lead to a donor-acceptor conjugated polymer 
with a relatively low band gap and two absorption maxima.44 More detailed discussions 
on color control will follow in this thesis along with new methods of fine-tuning the 
perceived color or mimicking the color of a known system.  
 
1.6 Overview of Dissertation 
 This thesis describes the development of processable, electron-rich 
dioxyheterocycle-based polymers for use in electrochromic and charge-storage 
applications Previously, the majority of conjugated polymers used in charge storage 
research have been insoluble polymers prepared via electrochemical polymerization or 
dispersions of an insoluble conjugated polymer in an insulating matrix. This thesis 
reports the development of soluble polymers that can be solution processed from organic 
or aqueous solutions (inks) and are redox active in organic or aqueous electrolytes with 
variable optical and redox properties through subtle differences in the repeat units and 
heteroatoms used.  
 Chapter 1 outlines the early development of conjugated polymers and basic 
principles of doping and color control in electron rich polymers. Chapter 2 then overview 
the development and optimization of direct (hetero)arylation polymerization, the recently 
developed method used to prepare the materials discussed in this thesis. Certain aspects 
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optical and electrochemical characterizations are then discussed followed by details 
regarding electrochemical supercapacitors and chemical doping of conjugated polymers. 
 Materials with low onsets of oxidation and broad electroactivity over a large 
voltage window, as seen with electropolymerized poly(3,4-ethylenedioxythiophene) 
(PEDOT), are of interest for charge storage applications. Chapter 3 reports and discusses 
the copolymerization of alkoxy-functionalized 3,4-propylenedioxythiophenes (ProDOTs) 
with unfunctionalized 3,4-ethylenedioxythiophene (EDOT) in varying ratios using direct 
arylation to produce a series of solution processable polymers with highly tunable optical 
and electronic properties. Within this series, we have identified poly(ProDOT-alt-
biEDOT) (PE2), a copolymer containing 67% EDOT compositionally, which combines 
the low oxidation potential, the redox behavior, and the deep-blue neutral color that are 
characteristic of PEDOT with the high solubility, exceptional electrochromic contrast, 
and color neutrality in the oxidized state characteristic of alkoxy-functionalized 
polyProDOTs. 3,4-Phenylenedioxythiophene (PheDOT) is a unit that is similar to EDOT 
in terms of planarity and steric interactions but has different electronic properties due to 
an attached phenyl ring which allows for electron delocalization away from the thiophene 
ring. This unit, and its use in soluble copolymers prepared via direct (hetero) arylation 
polymerization (DHAP), is discussed in Chapter 4. The notable C-H inactivity of the 
attached phenylene unit is compared to aromatic solvents used for DHAP and the redox 
stability of these copolymers are demonstrated. In order to decouple the effects of 
planarity and electron density in redox active polymers, differences in redox properties 
between poly(ProDOT-alt-biPheDOT) and PE2 are discussed.  
 12 
 Dioxyselenophenes are another group of heterocycles that have significantly 
different properties to their thiophene counterparts; due to various factors including 
lowered aromatic character. The first example of a solution processable dioxythiophene-
alt-dioxyselenophene polymer, Poly(ProDOT-alt-EDOS), prepared via DHAP is reported 
and its optical and electrochemical properties are compared to the all thiophene analog 
and other relevant dioxythiophene polymers. By substituting the sulfur atom for a 
selenium atom on one of the monomers in the repeat unit, a significant red-shift of both 
the neutral and polaronic absorbances results, as well as a reduction in the onset of 
oxidation compared to the all thiophene analog.  
 Due to the redox and optical similarities of PE2 and PEDOT, the solid-state 
electrical conductivity of the chemically doped ProDOTxEDOTy series (discussed in 
Chapter 3) is studied in Chapter 6. Additional polymer structures are introduced to 
understand the structure property relationships and the conductivity of PE2 is optimized 
to ~250 S/cm. Because of this high electrical conductivity, an oxidized PE2 film was used 
as a transparent electrode for another electrochromic polymer to switch between purple 
and colorless states.  
 Chapter 7 outlines a chemical defunctionalization method that allows for the 
preparation of conjugated polymer films that can be processed from both aqueous and 
organic solvents and used as redox active films in either organic or aqueous-based 
electrochemical devices. Ester-functionalized ProDOTs are polymerized and purified 
from organic solvents; afterwards, they can be converted to their conjugated 
polyelectrolyte (CPE) form via saponification, allowing them to be processed into thin 
films from water. Post-processing functionalization of the CPE films using dilute acid 
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creates a solvent resistant material that is electrochemically active in both organic and 
aqueous electrolyte systems. The versatility and robustness of this solvent resistant 
polymer is shown in a series of aqueous electrolyte systems, as well as in biologically 
compatible electrolytes (human serum, sports drinks, etc.). To show the use of these 
materials in redox active devices; two applications, namely electrochromics and charge 
storage, were examined using environmentally benign salt water as the electrolyte. 
Supercapacitors using these films in NaCl/water remained operational after 175,000 
charge/discharge cycles. Chapter 8 will demonstrate how the chemical 
defunctionalization method outlined in Chapter 7 can be used with polymers bearing ester 
side chains orientated so that upon hydrolysis only alcohol groups remain, resulting in 
higher mass capacitances. The alcohol functionalities remaining after hydrolysis result in 
hydrophilic films that are redox active in organic and aqueous media and exhibit 
exceptionally low onsets of oxidation. 
 Chapter 9 provides perspective on this work and the impact it has on the various 
areas of electroactive polymer research. The potential paths forward for the materials and 
methods used in this thesis are then discussed along with the remaining questions raised 






CHAPTER 2. EXPERIMENTAL METHODS  
 
Partially adapted from:  
Conducting Polymers: Redox States in Conjugated Systems, Ponder, Reynolds, The 
WSPC Reference on Organic Electronics; Brédas, Marder, Ed.; World Scientific 
Publishing Co. Pte. Ltd., Singapore, 2016; Vol. 2; p 1 
  
2.1 Introduction to Conjugated Polymer Polymerizations and Metal Catalyzed 
Cross Coupling  
The synthesis of conjugated polymers has undergone significant change over the 
past five decades. Electrochemical polymerization directly onto an electrode via various 
methods (e.g. potentiostatic or galvanostatic deposition) has been used for several 
decades to produce films that are typically insoluble and have strong adhesion to the 
electrode.45,46 Similarly, polymer films can be prepared via vapor deposition of monomer 
in the presence of an oxidant, resulting in the doped polymer.47 This technique has been 
successfully used to prepare highly conducting films of doped PEDOT via vapor 
deposition of EDOT onto a surface coated with a Fe(III) salt.47 In some rare cases, 
polymerization can be achieved spontaneously in the solid state without either an 
electrochemical potential or an oxidant. One example of this is the solid-state 
polymerization of dibromoEDOT (EDOT-Br2) to form bromine doped PEDOT.48 As the 
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focus in the field has turned towards being able to coat films using high throughput 
techniques, and as metal-mediated cross-coupling reactions have grown more 
sophisticated, the focus of this thesis is the preparation and properties of soluble polymers 
prepared via a Pd catalyzed cross-coupling reaction. 
While there are many known metal catalyzed cross-coupling reactions with unique 
mechanisms, several of the most used methods have common reaction steps. For 
example, Migita-Kosugi-Stille (Stille)49-51, Suzuki–Miyaura (Suzuki)52, and Negishi53 
couplings, along with several other reactions, share common mechanistic features. These 
coupling reactions, whether for synthesis of discrete molecules or polymers, typically use 
palladium (Pd) in the zero oxidation state as the catalyst with ligands to provide solubility 
and tune catalyst reactivity. The catalytic cycle of the Stille reaction for the synthesis of a 
polyProDOT from the dibromide and di(trimethylstannyl) species is shown in Figure 2.1 
as a specific example of the catalytic cycles discussed. The Pd(0) ligand complex (with 
Pd shown in green throughout Figure 2.1) then undergoes oxidative addition with a 
carbon halide (or pseudohalide) bond to form a Pd(II) species with negative charges on 
the halide (shown in blue) and carbon species. The Pd then undergoes transmetalation 
with the organometallic species (the ditin in this case with the tin unit shown in red) so 
that both carbon species are bonded to the Pd and the halide and metal/organometallic 
species leave the cycle. The Pd then undergoes reductive elimination to form a carbon-
carbon bond and restore the catalyst to the zero oxidation state. This mechanism has been 
extensively studied and reaction conditions optimized for the Stille and Suzuki reactions, 




Figure 2.1. Catalytic cycle for the Stille reaction to form a substituted polyProDOT 
with the typical steps seen in Pd catalyzed cross-couplings outlined. 
 
2.2 Direct (Hetero)Arylation Polymerization (DHAP) 
2.2.1 Small Molecule C-H Activation/Direct Arylation  
Direct Arylation (a form of C-H activation reaction) has been used for the 
synthesis of discrete molecules for decades.55-57 Various C-H activation methods have 
been reported using a broad range of metals including Ir58, Ru59, Rh60, and Pd61, with Pd 
being the most common and versatile. The central problem with this method is that 
different aromatic systems require different conditions for C-H activation. Other 
methods, such as Stille and Suzuki, generally work with a range of conditions and tuning 
of variables (catalyst, temperature, etc.) is primarily done to optimize synthetic yield. 
However, despite this increased complexity, C-H activation chemistry has remained a 




































point of C-H activation for various heterocycles via choice of conditions and reagents. 
Direct arylation is a specific example of C-H activation that has become increasingly 
important to build discrete molecules, oligomers, and polymers.62   
2.2.2 Early Work on Conjugated Polymer Synthesis via DHAP  
Over the past seven years C-H activation has become a common method for the 
synthesis of conjugated polymers. This method is typically referred to as either Direct 
Arylation Polymerization (DArP) or Direct (Hetero)Arylation Polymerization (DHAP) 
depending on the group reporting their results. The first reported synthesis of a high 
weight conjugated polymer via DHAP was in 2010 using a Pd based catalyst to prepare 
regioregular poly(3-hexylthiophene) (P3HT).63 Other reports of homopolymers and 
copolymers prepared via DHAP appeared the following year. Mario Leclerc64,65, Barry 
Thompson66,67, Takaki Kanbara68,69, and Michael Sommer70,71 stand out as pioneers of 
this field, with each offering unique approaches to understanding and/or optimizing 
DHAP for various systems. The Reynolds group has demonstrated the synthesis of 
various ECPs via DHAP and that the resulting polymers have lower residual metal 
content than the same materials prepared via oxidative or Grignard metathesis (GRIM) 
polymerization.72,73   
2.2.3 Divergence into Two Distinct Sets of Polymerization Conditions 
 Two different classes of conditions have developed for DHAP over the past 
several years, each being useful for specific syntheses. The difference is largely based on 
the solvent polarity and how this changes the rate and selectivity of coupling. The first 
report by Fumiyuki Ozawa used THF (under pressure at high temperature) with 
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Herrmann’s catalyst as a source of Pd(II) and a phosphine ligand.63 Soon after this, 
Takaki Kanbara reported a phosphine ligand free DHAP using DMAc as the solvent to 
produce polymers of reasonable to high molecular weight.74 From these reports there is a 
clear divergence in methods. The relatively lower dielectric constants of THF, dioxane, 
or arylene based solvents (such as toluene or xylenes) cause the C-H activation to 
proceed slower, potentially due to the solvent being less able to stabilize the 
intermediates. Full color change, indicating the growing chains have reached the effective 
conjugation length of the polymer, is typically observed after 30 minutes to a few hours 
when using these conditions. Additionally, a phosphine ligand is typically used to tune 
the reactivity and assist in solubilizing the Pd species in the low polarity conditions. 
Conversely, the higher dielectric constants of DMAc, NMP, or HMPA accelerate the 
reaction and solubilize the Pd species without ligands, with full color change observed in 
these reactions within minutes. However, the increased polarity also increases the 
reactivity of C-H bonds that are not desirable for coupling and can result in branched or 
cross-linked polymer chains.66 These types of polymer defects, along with others, will be 
further discussed in Chapter 4. The different conditions also favor different monomer 
types: electron rich dihalide monomers couple with increased efficiency and form higher 
weight polymers using the more polar conditions while some electron deficient dihalide 
monomers couple more efficiently in the less polar conditions. The C-H activation 
typically occurs in both classes of conditions for electron rich and poor species although 
differing reports in the literature has shown inconsistences in this. For example, in my 
work and the work of the Leclerc group it was found that XDOTs do undergo C-H 
 19 
activation using the less polar conditions while the Kanbara group reports that they do 
not.69,75 Clearly a more broadly applicable set of reaction conditions are needed. 
2.2.4 Mechanistic Details of DHAP 
2.2.4.1 Oxidative Addition, C-H Activation, and Reductive Elimination 
 When analyzing the mechanism of DHAP it is clear that it shares many of the 
same features previously discuss for other Pd catalyzed cross-couplings. The oxidative 
addition and reductive elimination steps are directly comparable to Stille or Suzuki, with 
the transmetalation step being replaced with C-H activation. A proposed cycle based on 
the literature is outlined in Figure 2.2 for the synthesis of a substituted polyProDOT.76 
After oxidative addition the halide (shown in blue in Figure 2.2) is displaced from the Pd 
species (shown in green in Figure 2.2) by a carboxylate (e.g. pivalate) or carbonate anion. 
Next is the C-H activation step. While several mechanism have been proposed, the 
“concerted metalation deprotonation” pathway is generally accepted and is outlined in 
Figure 2.3.65,76 In this mechanism the Pd complex can coordinate with a π system to form 
a six membered intermediate which then simultaneously transfers a proton from the aryl 
(or heteroaryl) ring to the carboxylate and the electrons from the C-H bond move to form 
a bond between the carbon and Pd atoms, as illustrated in Figure 2.3.76 Following this C-
H activation step, reductive elimination occurs in the same manner as other Pd cross-
coupling reactions, restoring the catalyst to the starting point. 
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Figure 2.2. A proposed catalytic cycle for DHAP to form a substituted polyProDOT 




Figure 2.3. A proposed reaction pathway for the C-H activation of a ProDOT C-H 



























































































2.2.4.2 Catalysts & Ligands 
 As noted previously, Pd(0) is the required initial state of Pd for the catalytic cycle. 
Despite this, Pd(II) sources are often used due to their increased stability and the lower 
cost of many of these catalysts. Pd(OAc)2 and Herrmann-Beller catalyst are the most 
common sources of Pd(II) but other sources have also been found to be effective. In a 
report by the Leclerc group it was found that the Pd source did not play any apparent role 
and that the other reagents (solvent, ligand, etc.) are the key factors.64 It should be noted 
that a chloride-promoted DHAP was reported in 2015, showing higher molecular weights 
(Mn) and yields when PdCl2 was used as the catalyst.77 However, this has not been 
reproduced by other groups and requires more investigation. Alternatively, ligand choice 
can drastically change the resulting molecular weight, yield, absorbance profile, and even 
degree of branching.78,79 There is currently no consensus on what ligand (or mixture of 
ligands) provides the highest quality materials, although P(o-OMePh)3 and P(o-NMe2Ph)3 
are commonly used with good results. 
2.2.4.3 Formation of the Active Pd(0) Catalyst from the Precatalyst via Homocoupling 
 The Pd(0) species can be formed in solution from Pd(II) via a double C-H 
activation followed by reductive elimination to form the homocoupled aryl unit and the 
Pd(0) species. This is expected to alter the monomer ratio and should, therefore, reduce 
the molecular weight of the resulting material according to the Carothers equation.80 This 
is, however, not actually observed and exceptionally high molecular weight polymers68 
can be obtained from a Pd(II) source without altering the monomer ratio to account for 
the stoichiometric imbalance from the catalyst reduction. What is observed are small 
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amounts of homocoupling defects in the polymer chains and the impact of these have 
been studied.66,70  
2.2.4.4 The Role of a Bulky Proton Transfer Shuttle 
 Carboxylic acids, or carboxylate salts, additives are almost always added to a 
DHAP reaction as they assist in the catalytic cycle and transfer protons to the less soluble 
carbonate in solution, with the most commonly used being pivalic acid and 1-
adamantanecarboxylic acid. The group of Barry Thompson performed an in depth study 
of the role of the proton transfer shuttle and how the steric bulkiness of the acid affects 
branching of the resulting polymer.67 It was found that isomers of neodecanoic acid are 
sufficiently bulky to suppress branching off the main polymer chain when preparing 
regioregular P3HT. This was further studied by the Leclerc group and modified by the 
Marks group for the preparation of other polymer systems.78,81 
2.2.4.5 Development of Oxidative DHAP (Oxi-DHAP) 
 The previously discussed formation of Pd(0) via homocoupling has also been 
exploited by the Thompson group in 2016 to produce homopolymers by continuous 
oxidation of the Pd(0) species.82 This was done adding a Ag(I) species (specifically 
Ag2CO3) to the reaction so that  2 equivalents of Ag(I) converts the Pd(0) produced from 
the reductive elimination step back into Pd(II) that can then undergo C-H activation 
again. This produces the corresponding homopolymer without an organometallic or 
halogen species and silver metal as the byproduct. A proposed mechanism for this Oxi-
DHAP is shown in Figure 2.4.  Shortly after this initial report a similar method was 
reported using Cu(II) as the oxidant to form alternating copolymers from trimers.83 Later 
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that same year it was reported that oxygen could be used as the sole oxidant for the 
polymerization.84 This method has also been used for the synthesis of random 
copolymers of donors and acceptors.85 
 
Figure 2.4. A proposed catalytic cycle for oxidative DHAP to form a substituted 
polyProDOT with the various steps of the cycle, including the catalyst regeneration, 
outlined. 
2.2.4.6 Scope of DHAP 
 Currently, the full scope of DHAP is unknown. Most of the common monomers 
currently used in organic electronics undergo DHAP provided the proper conditions are 
used. However, some units do not appear to undergo C-H activation efficiently and 
therefore do not produce high molecular weight (defined for the purpose of this text as ≥ 
10 kDa) polymers. Most notably, EDTT and XDOPs have not, to date, undergone C-H 

























































 One significant advantage of DHAP over Stille coupling polymerizations is its 
insensitivity to water and air. While this has been qualitatively observed in the DHAP 
community for some time the Leclerc group reported biphasic conditions open to air in 
2017.86 The addition of air and/or water did not significantly alter the molecular weights 
or absorbance profiles of the resulting polymers. Moreover, polymers prepared via 
DHAP can have properties comparable to the corresponding material prepared via Stille. 
While this has been demonstrated several times in the literature, work from the Marks 
group stands out as an in depth analysis was done on the structure and properties of 
several solar polymers prepared by both methods.81 It was found that all of the polymers 
were approximately the same in terms of various properties, including absorbance 
profiles and PCEs, once reaction conditions were optimized. DHAP has also been 
performed in flow reactors, making large-scale production of polymers via this method 
practical.75 These results show that DHAP is a realistic and practical replacement for 
Stille and Suzuki polymerizations. 
2.3 Evaluating Redox Properties of Conjugated Polymers via Cyclic Voltammetry 
and Differential Pulse Voltammetry 
 Cyclic voltammetry is an electrochemical technique that involves cycling the 
potential of a working electrode at a fixed scan rate (typically ranging from a few mV/s to 
several V/s depending on the experiment) while monitoring the current. CV and 
differential pulse voltammetry are both measured using a three-electrode cell setup. In 
this work, the working electrode was either glassy carbon or ITO coated with a polymer 
film, whereas a Pt wire or flag served as the counter electrode to balance the current 
passed at the working electrode during the CV or DPV experiment. When using organic 
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electrolyte solutions for the experiments, a Ag/Ag+ pseudoreference electrode consisting 
of a Ag wire immersed in a solution containing 10 mM AgNO3 and 0.5 M TBAPF6/ACN 
or 0.5 M LiBTI/ACN supporting electrolyte solution was used and calibrated vs. the 
ferrocene/ferrocenium (Fc/Fc+) redox couple. For aqueous electrolyte solutions, an 
Ag/AgCl reference electrode is used which consists of a AgCl coated Ag wired immersed 
in a 1 M KCl/H2O supporting electrolyte solution.  
 Discrete molecules, like ferrocene, have well-defined, reversible 
oxidation/reduction cyclic voltammogram (CV) traces as the one shown in Figure 2.5. 
From this CV we can calculate the E1/2 for the Fc/Fc+ redox couple in this specific 
electrolyte system, which, in this case, was +55 mV. In contrast to this well-defined CV 
of ferrocene, Figure 2.5a also shows a representative CV of a conjugated polymer, 
specifically that of ECP-M. From this CV it can be observed that there are several 
overlapping reversible redox processes that occur in the polymer chain.32 These are due 
to different conjugation lengths or chain lengths, differences in aggregated and 
amorphous regions, or continued oxidation of partially oxidized species (such as the 
oxidation of a polaron to a bipolaron). For clarity, the inset in Figure 2.5a shows the 
orientation of the current (green) and potential (blue), as used in this thesis. Another 
difference between discrete molecules and CPs is a change in the CV trace over the first 
several cycles, as shown for ECP-M in Figure 2.5b. This phenomenon has been referred 
to as a memory effect, electrochemical break-in, electrochemical annealing, or 
electrochemical conditioning. It is caused by the reorganization of the polymer chains as 
the polymer oxidizes and is forced to planarize and swell with solvated ions, as discussed 
in Chapter 1.32 Upon repeated cycling the polymer obtains the lowest energy 
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conformation in its charge neutral state for this redox cycling, resulting in stable and 
reversible switching.  
 
Figure 2.5. a) CV traces of ferrocene (navy trace) dissolved in 0.5 M TBAPF6/PC 
and a drop cast film of ECP-M (magenta trace) on a glassy carbon button electrode 
and b) the first 10 CV traces of a ECP-M film showing the electrochemical 
conditioning of the film in 0.5 M TBAPF6/PC at a scan rate of 50 mV/s with inset 
designating the direction of the potential and current as used in this thesis.  
  The CV of an electropolymerized (via cyclic voltammetry) PEDOT film 
on a glassy carbon button electrode in 0.5 M LiBTI/PC electrolyte, shown in Figure 2.6, 
is now discussed in order to provide a clearer understanding of the redox behavior of the 
polymer films discussed in this thesis. Beginning at -1.0 V, the polymer is in its charge 
neutral form. As the potential is scanned anodically the polymer begins to oxidize and the 
current increases until the first peak at ca. -0.25 V (A). Beyond that, the current plateaus 
(B) as the material is converted into its oxidized and conducting form. As the potential 
scan is reversed and the charges are neutrallized, the current is almost independent of the 
potential from 1.2 to -0.7 V (C). Subsequent full reduction and charge neutralization is 
evident (D) by the peak near -0.9V, which subsequently returns the polymer to its neutral 
form. A material that is able to pass a high current that is independent of the applied 
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potential in a relatively broad electrochemical window, is often referred to as a 
pseudocapacitive material.87 This material property, along with the fact that it is 
reproducible over 105-106 cycles, prompted research into the use of PEDOT and its 
derivatives as the active layer in supercapacitors. This is nicely illustrated in the work of 
Österholm et al. who used PEDOT as the active material in designing thin films 
supercapacitors.88 By using an ionic liquid electrolyte, these supercapacitors could be 
charged and discharged for over four hundred thousand cycles with minimal loss in 
performance.  
 
Fig 2.6. Cyclic voltammetry of an electrochemically polymerized PEDOT film cycled 
in 0.5 M LiBTI/PC at 50 mV/s. Adapted from Österholm et al.88 
 
 Another important technique is differential pulse voltammetry, which, instead of 
linearly sweeping the potential, uses regular voltage pulses. Using this technique the 
charging current is suppressed and we can selectively observe the faradaic current, which 
allows for a more accurate estimation of the onset of oxidation for a polymer. It should be 
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noted that for polymeric systems we probe the onset of oxidation/reduction and not the 
peak potential as one would for a discrete molecule. This is particularly important as 
many of the polymers discussed here are designed to have broad electrochemical 
responses as the polymer backbones gradually oxidize. This will be discussed using the 
example of PEDOT in Chapter 3. An example differential pulse voltammogram (DPV) 
trace for a conjugated polymer is shown in Figure 2.7, the intersection of two dotted 
tangent lines is referred to as the onset of oxidation for that polymer. In this particular 
experiment and throughout the thesis, the step size of the pulse used in DPV 
measurements was 2 mV with a step time of 0.1 seconds and amplitudes of + 5 mV for 
segment 1 and – 5 mV for segment 2 with the data point being the difference of segment 
1 and 2.  DPV is also often used to estimate the HOMO (and sometimes LUMO) level of 
conjugated polymers. However, this is inherently inaccurate and other methods, such as 
UPS, have been shown to give more accurate results.89  
 
Figure 2.7. DPV trace of a drop cast film of ECP-M on a glassy carbon button 
electrode in 0.5 M TBAPF6/PC. 
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2.4 Evaluating Color Properties of CPs via Spectroelectrochemistry & 
Colorimetry 
 Spectroelectrochemistry is a method where absorbance spectra are taken at 
various electrochemical potentials for a conjugated polymer. The electrochemical doping 
studied by UV-vis-NIR in this thesis is all oxidative, although reductive 
spectroelectrochemistry is used in the literature and other regions of the electromagnetic 
spectrum can be monitored.90 Here, a three-electrode cell in a cuvette is used and the 
oxidation state of the polymer, that is coated on a transparent ITO slide, is set by applying 
a constant potential for a set period of time before recording a spectrum. The fundamental 
concepts of this method has been discussed in Chapter 1 and explained using the 
spectroelectrochemistry of PEDOT (shown in Figure 1.2). Specific experimental details 
are described in the experimental details of the chapters and extended discussions of this 
method can be found in the dissertations of Dr. Justin A. Kerszulis and Dr. Rayford H. 
Bulloch.91,92  
 Colorimetry is an area of color science that allows for the quantification of color 
relative to an observer’s field of view. While various color spaces are used, this thesis 
will be limited to the use of the CIELAB L*a*b* color space. Briefly, a* represents the 
red−green balance, with positive a* values being red and negative values being green. b* 
is the yellow−blue balance of a given color, with positive values being yellow and 
negative values being blue. The L* coordinate represents the white−black balance (i.e., 
the lightness or darkness), with more positive values being lighter and more negative 
values being darker. In addition to L*a*b*, CIE has developed color-matching functions 
that represent average color vision in humans and these functions are called a standard 
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observed, shown in Figure 2.8.93 Using the L*a*b* coordinates of a material the 
difference in color between two objects can be quantitatively compared using equation 
2.1 to calculate the color difference (ΔE*ab).94-96 Values of less than 2.3 are 
indistinguishable to a CIE standard observer.94,95,97 This is a useful method for 
determining if two colors are quantitatively the same, to a representative person, or 
merely similar. 
 
Figure 2.8. The various functions for the CIE 1931 (2°) standard colorimetric 
observers, approximating average human vision. Figure from the dissertation of 
Justin Kerszulis, which was adapted from the literature.91,93  
 
𝛥𝐸!"∗ =  𝛥𝐿∗ ! + 𝛥𝑎∗ ! + 𝛥𝑏∗ !     (eq. 2.1) 
 
 Another important concept for electrochromic polymers is color saturation, which 
defines the ratio of chromatic color to the total color sensation on a scale of 0−100, where 
0 is gray and 100 is a pure color.94 This is a metric of the “vividness of a color” given a 
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certain level of illuminance. Color saturation can be calculated using the CIE L*a*b* 
coordinates with equation 2.2, which was developed by Eva Lübbe.98 
 
𝑆!" =  
!∗!! !∗!
!∗!! !∗!! !∗!
∗ 100       (eq. 2.2) 
  
2.5 Evaluating Supercapacitor Devices 
 Electrochemical supercapacitors (ESC) using conjugated polymers as the active 
pseudocapacitive material have recently received increased attention due to concerns 
regarding renewable energy and the need for energy storage systems.99 In conjugated 
polymers charge can be stored in a combination of faradaic processes, oxidation and 
reduction reactions, as well as in in the electrochemical double layer.87 This is distinctly 
different from carbon-materials used in commercial electrochemical double-layer 
capacitors that store charge primarily electrostatically at the electrolyte/electrode 
interface.100,101 Supercapacitors (SC) have lower specific power than conventional double 
layer capacitors due to their longer discharge times, but higher that those of batteries. On 
the other hand, their specific energy density should be higher than double layer capacitors 
but lower than batteries.102,103 These factors combined with the possibility of making 
flexible devices make polymer-based SCs useful for many low-power applications and 
various device types, including textile-based devices, are being investigated.99,104 Much 
of the research presented in this thesis focuses on the design of new soluble polymers that 
could be used as active layers in SCs. For a material to be useful in a SC it should be 
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stable to repeated charge/discharge cycles (> 106), switch between oxidation states 
rapidly, and have a broad electroactive with current response independent of voltage over 
a large potential window as energy density is proportional to the square of the voltage. 
This relationship is shown in equation 2.3, where C is the film capacitance and V is the 
voltage window.  
 
𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  !
!
𝐶𝑉!       (eq. 2.3) 
 
 SCs can have different device architectures.103 Type I devices are symmetrical, 
with the same p- or n-type polymer on both electrodes, as shown in the schematic of a in 
Figure 2.9. Type II devices are composed of two different active materials that can be 
either both p-type or both n-type. By using two different materials the voltage window of 
a type II device could be significantly larger than a type I device using either individual 
material. When charged, type I and II devices have one material in the neutral state and 
the other in the fully oxidized (or reduced) state and both in the half oxidized (or reduced) 
states when discharged. Type III devices are symmetrical, like Type I, but require the 
active material to be able to be both electrochemically oxidized and reduced reversibly. 
In the charged state one half of the device in the fully oxidized state and the other in the 
fully reduced state, after discharge both of the materials are in the charge neutral form. 
The electrolyte in these devices can be aqueous, organic, ionic liquid, or gel based. The 
current collectors (the electrodes) used in this thesis are made of glassy carbon, although 
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other materials, such as carbon fabric, carbon nanotubes, and gold on Kapton, have been 
investigated in XDOT and dioxypyrrole based SCs.92,105,106  
 
Figure 2.9. Schematic of a type I supercapacitor in the charged state on the left and 
the discharged state on the right. 
 
 There are many metrics that can be used to assess SC performance. These metrics 
include: power density (kW/kg), energy density (Wh/kg), areal capacitance (F/cm2), mass 
capacitance (F/g), and fill factor (FF, %). In this thesis, the polymers are evaluated in 
terms of mass capacitance (from which areal capacitance can be calculated) and devices 
in terms of mass capacitance, energy density, power density, and FF. It should be noted 
that we are only considering the mass of the active polymer, as the weight of the whole 
device is a matter of engineering and not material design. As FF is a relatively new 
metric in the field of SC it should be briefly discussed. FF for s SC device was first 
reported in 2013 for PEDOT based Type I devices and is adapted from the organic 
photovoltaic (OPV) literature.88 Its purpose is to quantitatively assess the ideality of a 
devices performance during discharge. An ideal capacitor (or pseudocapacitor) maintains 
a constant current density over the voltage window during discharge. A visual 
representation of the FF for a Type I XDOT-based device is shown in Figure 2.10, with 
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the actual area inside the blue trace (solid line) and the ideal area as the red box (dashed 
line). Deviation from ideal charge/discharge behavior (a rectangle) is caused by any form 
of resistance in the device (e.g. charge transfer resistance between the electrodes, ionic 
resistance between the active material and the electrolyte, resistance from the separator).  
 
Figure 2.10. A charge/discharge CV trace of a Type I supercapacitor device showing 
the actual area (shaded in teal) vs. the ideal area (red box). 
 
2.6 Electrical Conductivity & Seebeck Coefficient 
 The electrical conductivity of conjugated polymers has been a point of research 
since the initial discovery that doped films of polyacetylene can have electrical 
conductivity values of >500 S/cm, as previously discussed in Chapter 1.107 In the charge 
neutral form, conjugated polymers have low electrical conductivities, typically < 10-5 
S/cm. Introduction of charges to the polymer backbone via doping, as discussed in 
Chapter 1, can increase this conductivity by many orders of magnitude and specific 
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examples of this significant increase are shown in Chapter 6. To be clear, in the context 
of this document, unless otherwise noted, the term doping refers to a transfer of an 
electron (or electrons) to or from the conjugated polymer to an added small molecule or 
metal salt, resulting in polarons and/or bipolarons on the polymer chains and the 
corresponding geometric changes associated with this process. The highest conductivity 
solution processable polymer is currently PEDOT:PSS, with reported conductivities of 
several thousand S/cm.108,109 Truly soluble polymer, and not dispersions, have also 
reached high conductivities. For example, the Chabinyc group has reported PBTTT to 
have a conductivity of 1300 S/cm when vapor doped.110 However, these materials are 
outliers and the majority of CPs have significantly lower conductivities when doped. The 
structure property relationships needed to design new highly conductive materials have 
not been established and doping studies normally consist of one polymer being selected 
and doped without comparison to other materials and why the resulting conductivity is 
what it is. Films of ECPs were cast onto glass substrates (not ITO) via various methods 
including spray and blade coating. These films were then dipped in a solution of dopant 
and either heptane or PC at various concentrations for a various periods of time. The 
films were then washed (with either clean heptane or PC followed by methanol) and dried 
in air. Gold electrical contacts were deposited on the films and the electrical conductivity 
measurements are performed using the four-probe van der Pauw technique. A schematic 
of the contacts, film, and substrate is shown in Figure 2.11. Micromanipulators with 
tungsten tips were used to make electrical contact to the gold contact pads to obtain the 
in-plane resistivity. The electrical conductivity in S/cm was calculated using the 
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Figure 2.11. Schematic of a polymer film (before and after doping) on a glass slide 
with gold contacts deposited on top of the polymer. 
 
 The diffusion of mobile charge carriers (holes or electrons) in a material due to a 
temperature gradient (ΔT) across it is termed the Seebeck coefficient (S).34 S is essentially 
the amount of entropy of the carriers in a material. This value can be positive or negative 
depending if the carriers move towards the hot or cold side of the material and is 
commonly reported in µV/K. For doped CPs the values are generally positive and small 
and as the doping level of a polymer increases the S value decreases.34 There are 
currently no known structure property relationships for the S in CPs. For these 
measurements, the film was suspended between two temperature-controlled Peltier units 
and a series of temperature differences were applied between the stages.  The 
thermoelectric voltage was measured between two contact pads on separate stages using 
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the probe tips, while the temperature of each pad was measured with thermocouple in 
close proximity to the probe tips. The S was extracted as the slope of the V - ΔT plot. 
Further details regarding the conductivity and S measurements can be found in the 















CHAPTER 3. DESIGNING A SOLUBLE PEDOT ANALOGUE 
WITHOUT SURFACTANTS OR DISPERSANTS  
 
Adapted from:  
Ponder, J., F., Österholm, A., M., Reynolds, J. R. Designing a Soluble PEDOT Analogue 
without Surfactants or Dispersants. Macromolecules 2016, 49, 2106–2111  
& 
Österholm, A., M., Ponder, J., F., Kerszulis, J., A., Reynolds, J., R. Solution processed 
PEDOT analogs in electrochemical supercapacitors. ACS Applied Materials & Interfaces, 
2016, 8 (21), 13492–13498 
 
3.1 The Reason for a Processable PEDOT Analogue  
Since its discovery in the 1980s, PEDOT has become one of the most studied and 
used electroactive polymers because of its redox activity, high conductivity with 
concurrent visible transmissivity, accompanying thermal, chemical, and environmental 
stability, as well as organic and, to some extent, aqueous electrolyte compatability.14,16 
Thin films of PEDOT have been evaluated for use in a variety of applications ranging 
from transistors to electrolytic capacitors and organic supercapacitors, solar cells, and 
antistatic coatings.88,111-114 In addition, PEDOT was also one of the first cathodically 
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coloring electrochromic polymers, switching from a deep blue neutral form to a sky-blue 
transmissive oxidized form.115,116 In the absence of surfactants or dispersants (such as 
poly(styrenesulfonate) (PSS−)), PEDOT is an insoluble polymer, where the properties of 
the resulting PEDOT films are highly dependent on the precise polymerization 
method/conditions, making structural and molecular weight characterizations 
difficult.117,118,46 Attempts have been made to develop a soluble version of PEDOT by 
functionalization of the ethylene bridge with alkyl chains, but any direct manipulation of 
the EDOT unit changes the electrochemical and optical properties of the resulting 
polymer as a result of the increased steric bulk and regioirregularity induced by the 
solubilizing groups.119,120 To facilitate solution processing, EDOT can be polymerized in 
the presence of PSS− or another solubilizing salt to form an aqueous dispersion (e.g., 
PEDOT:PSS) which allows these composites to be deposited by various methods 
including, but not limited to, spin-coating, slot-die coating, and inkjet printing.14 
While PEDOT:PSS is used effectively in various solid-state applications where 
device operation relies on PEDOT maintaining its oxidation state, electrochemical 
devices such as supercapacitors and electrochromic displays rely on complete and 
reversible switching between two extreme redox states for optimal device performance 
(i.e., complete charge/discharge in supercapacitors and optimal color contrast in 
electrochromic devices). In the presence of an excess of an immobilized counterion, such 
as PSS−, PEDOT cannot be fully reduced to its charge neutral form, limiting its use as an 
active material in these electrochemical devices. In addition to numerous solvent 
additives or post-treatment methods that have been evaluated to either remove or 
segregate the PSS−, polyethylenimine (PEI) has been used to chemically reduce 
 40 
PEDOT:PSS for an all-polymer battery application.121,108,122,123,124 However, even this 
method was not able to fully remove polaronic charge carriers from the PEDOT 
backbone.124 
 
3.2 Developing the ProDOTx-EDOTy Series 
Here, a series of soluble dioxythiophene polymers (Scheme 3.1) have been 
designed and prepared which are electrochemically equivalent and optically superior to 
PEDOT with the added advantage of being highly soluble in organic solvents without 
having to structurally modify the EDOT unit or use any additional surfactants or 
dispersants. As shown in Scheme 3.2, this is achieved by copolymerizing various ratios 
of EDOT with alkoxy-functionalized ProDOTs as the solubilizing unit. Alkoxy-
functionalized ProDOT was chosen due to its (i) electron richness to maintain a low 
oxidation potential, (ii) ease of side chain manipulation to tune solubility, and (iii) high 
electrochromic contrast and color neutral oxidized state of the corresponding 
homopolymer, ECP-M.20 We show that it is possible to combine these two model 
polymers, ECP-M and PEDOT, to obtain a copolymer with the high solubility and 
colorless oxidized state of ECP-M and the low onset of oxidation, high electrochemical 
activity over a broad voltage range, and vibrant blue neutral state color of PEDOT. It has 
been previously demonstrated in the literature that EDOT readily undergoes direct DHAP 
as either the dihydrogen or dihalide species, allowing us to avoid the use of more toxic 





Scheme 3.1. The full series of investigated ProDOTx-EDOTy (PxEy) copolymers as 
well as the parent homopolymers, beginning from the left with the soluble alkoxy-
functionalized PProDOT (ECP-M) and progressing through a series of soluble 
copolymers (PxEy) with increasing EDOT content in the repeat unit, and finally 
ending with PEDOT on the far right.  
 
 
Scheme 3.2. Synthetic route to ProDOTx-EDOTy  (PxEy) copolymers via DHAP 
 
 ECP-M was prepared by Dr. Justin Kerszulis via an oxidative polymerization 
previously reported (Mn: 12.4 kDa, Đ: 1.8).127 Each of the copolymers were designed to 
achieve a solubility in typical solvents (such as CHCl3) exceeding 30 mg/ml to be 
suitable for a wide range of coating methods yielding films with varied thicknesses. To 
achieve this solubility, PE and PE2 were synthesized with 2-hexyldecyloxymethyl 
(HxDec) side chains, whereas shorter 2-ethylhexyloxymethyl (EtHx) side chains were 









































Đ: 4.5) were synthesized by Justin Kerszulis as previously reported using typical DHAP 
conditions.72-73 PE (Mn = 43.8 kDa, Đ = 1.4) and PE2 (Mn = 56 kDa, Đ = 1.8) were also 
polymerized using DHAP, with full synthetic details in section 3.7.1.  
 
3.3 Optical and Redox Progression 
 From the structures shown in Scheme 3.1, PE2 has the highest EDOT content of 
all the copolymers. However, even with every third heterocycle in PE2 being an alkoxy-
functionalized ProDOT unit, we found this copolymer to be optically (in the charge 
neutral state) and electrochemically essentially identical to electrochemically 
polymerized PEDOT as shown in the transmittance spectra and cyclic voltammograms in 
Figure 3.1. In the charge neutral state (−1.0 V in Figure 3.1a), both PE2 and PEDOT 
exhibit a transmittance minimum at ~600 nm, thereby absorbing the low energy red light 
and resulting in giving them both a deep blue color. Despite the similarities in the neutral 
state color, there is a remarkable difference in the oxidized state spectra (+1.0 V in Figure 
1a). PE2 in the charge neutral state has a narrower and more defined absorbance profile in 
the visible range and far less tailing into the near-IR in its oxidized state when compared 
to PEDOT. This results in both a more neutral color and a significantly more transmissive 
oxidized state. A comparison of the CV traces of these two polymers (Figure 3.1b) shows 
a remarkable similarity between them in both the onset of oxidation and breadth of 
electroactivity. Such low potentials for current onsets demonstrate the highly electron-
rich nature of the soluble copolymer film, as desired for applications where accessing the 
oxidized and conducting form of the polymer is important. In addition, both polymers 
exhibit high capacitive currents beyond the reversible redox process over a broad 
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potential range (>1.5 V), which is a desirable attribute when considering these polymers 
for charge storage applications, as discussed in Chapter 2. This broad redox response is 
not typically seen in soluble ProDOT-based polymers, as they tend to exhibit both a 
much higher onset of oxidation and a more defined, Faradaic redox behavior. 
Interestingly, even though the ProDOT moieties with their solubilizing groups (i.e., that 
are significantly different from unfunctionalized EDOT) make up a third of the polymer 
chain, the electrochemical properties and the color in the charge neutral state bare little 
resemblance to the ProDOT homopolymer and many similarities to unfunctionalized 
PEDOT. 
 
Figure 3.1. a) Transmittance spectra of PE2 (blue curves) and electrochemically 
polymerized PEDOT (red curves) on ITO/glass in their charge neutral (-1.0 V vs. 
Ag/Ag+, solid lines) and oxidized states (+1.0 V vs. Ag/Ag+, dashed lines) and b) CVs 
of PE2 (blue line) and PEDOT (red line) on glassy carbon electrodes at a sweep rate 
of 50 mV/s, with both experiments in 0.5 M TBAPF6/PC.  
 
 From these results, we focused on understanding how the PxEy copolymers 
differed from the parent PProDOT and PEDOT homopolymers, as well as elucidate how 
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changing the ratio of the heterocycle rings affected the optical and electrochemical 
properties. Surprisingly, the addition of just one EDOT unit for every three heterocycles 
drastically altered the band gap and oxidation onset compared to the homopolymer ECP-
M, as shown in Figure 3.2. P2E has an optical band gap (Eg,opt) of 1.81 eV, which is 
significantly narrower than the ECP-M homopolymer with an Eg,opt of 1.97 eV. Similarly, 
the onset of oxidation is lowered by 0.4 V when exchanging every third ProDOT unit for 
an EDOT. Increasing the amount of EDOT further from 33% to 50% and finally to 67% 
results in a progressive decrease in both the band gap (Figure 3.2a) and the onset of 
oxidation (Figure 3.2b), albeit at a more gradual rate. PE2, with an EDOT content of 67%, 
has an Eg,opt that is 0.26 eV smaller than ECP-M but only 0.05 eV larger than 
electrochemically polymerized PEDOT. Compared to ECP-M, the oxidation potential is 
almost 0.8 V lower for PE2. The lower oxidation potential and narrower Eg,opt is the result 
of reduced steric interactions between adjacent rings as the amount of solubilizing groups 
decrease, which leads to a planarization of the polymer backbone.73 
 
Figure 3.2. Progression of the a) optical band gap and the b) onset of oxidation 
(determined by differential pulse voltammetry) as a function of EDOT content in 
PxEy copolymers compared to their parent polymers ECP-M and PEDOT. 
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 As demonstrated in Figure 3a, adding just one EDOT unit to the ProDOT system 
(P2E) not only lowers the onset of oxidation, but also results in a significant, almost 5-
fold, increase in the current density compared to the ProDOT homopolymer. The high 
current density is also maintained for the other EDOT containing copolymers. Another 
interesting observation is found when comparing PE and P2E2; even when the overall 
EDOT content in one repeat unit is the same (50%), the incorporation of a biEDOT unit 
results in a significant, almost 0.3 V decrease in the onset of oxidation. This is likely due 
to the planar, electron-rich nature of the biEDOT unit, which, in comparison to a single 
EDOT unit, is able to more efficiently stabilize the positive charge carriers formed during 
oxidation. 
 
Figure 3.3: CVs of drop cast films of ECP-M and the PxEy copolymers on glassy 
carbon button electrodes, in 0.5 M TBAPF6-PC at 50 mV/s.  
 
 The narrowing of the Eg,opt and a red-shift of the λmax (Figure 3.4a) that is 
observed as the EDOT content is increased translate into a color change that progresses 
from the distinct purple-magenta color of alkoxy-functionalized PProDOT to the vibrant 
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deep blue color of PEDOT. To accurately quantify and compare the colors, the 
absorbance spectra were converted to CIELAB L*a*b* coordinates. The a*b* 
representation in Figure 3.4b allows us to quantify both the hue and saturation of the 
color, as discussed in Chapter 2. All the copolymers fall in the +a* and −b* 
(red−magenta−purple−blue) quadrant of the color space, as shown in Figure 3.4b. The 
red-shift observed in both the λmax and Eg, opt translates into the color of the polymer 
becoming more blue as indicated by the high negative b* and the progressive lowering of 
the a* (red) component with increasing EDOT content and increased chain relaxation. 
The color coordinates for all the copolymers are summarized in Table 3.1. From the 
L*a*b* values we can determine the degree of color saturation (see equation 2.2), 
previously discussed in Chapter 2.94 All the soluble copolymers, as well as PProDOT, 
exhibit a color saturation between 86 and 91 (see Table 3.1); these values indicate a 
higher degrees of color purity for the PxEy series compared to broadly absorbing 
materials, such as those used in OPV. As seen graphically in Figure 3.4b and numerically 
in Table 3.1, the color coordinates of the charge neutral states of PE2 and PEDOT are 
very similar. The difference in color can be quantitatively compared using equation 2.1 to 
calculate the color difference (ΔE*ab). As shown in Table 3.1, the value of ΔE*ab for PE2 
and PEDOT is 2.2 in the colored state. Recall from Chapter 2 that a ΔE*ab value lower 
than 2.3 means that two colors (in this case of PE2 and PEDOT) are indistinguishable to a 






Figure 3.4. a) Normalized absorbance spectra of PProDOT and the PxEy copolymers 
on ITO glass, in 0.5 M TBAPF6-PC at 50 mV/s. b) a*b* diagram showing the color 
change occurring during electrochemical oxidation of the polymer series from -1.0 V 
to 0.8 or 1.0 V vs. Ag/Ag+ in 0.1 V increments. Absorbance as a function of potential 
recorded between -1.0 V and 1.0 V vs. Ag/Ag+ of c) PE2 and d) electrochemically 







Table 3.1. Colorimetry and Optical Comparisons of PxEy polymer series. 
Polymer L*, a*, b* 
(neutral) 





ΔE*ab of PxEy vs. 
PEDOT (neutral) 
ΔE*ab of PxEy vs. 
PProDOT 
(neutral) 
ECP-M 42, 58, -38 89, -3, -3 86 51.1 0.0 
P2E 33, 32, -63 89, -2, -3 91 23.9 37.2 
PE 30, 27, -58 87, -2, -3 91 18.2 38.8 
P2E2 37, 12, -63 92, -3, -3 87 9.4 52.6 
PE2 34, 10, -56 83, -3, -5 86 2.2 51.9 
PEDOT 35, 10, -54 81, -6, -
10 
84 0.0 51.1 
 
 In addition to a high color saturation and vibrancy, the copolymers all switch to a 
highly transmissive and color neutral state upon electrochemical oxidation as can be seen 
in Table 3.2 and in the color tracks in Figure 3.3b. In comparison to PEDOT, all 
copolymers are more color neutral in their oxidized states as indicated by the lower a*b* 
values and the higher L*.128 The slightly negative a*b* values recorded for the oxidized 
states are due to tailing of charge carrier bands into the visible as will be discussed in 
more detail below. 
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Table 3.2. Summary of electrochemical and optical properties of PxEy copolymers. 
Polymer EDOT Content (%) λmax (nm) Contrast (Δ%T) Switching speed (sec)a 
ECP-M 0 552 (600)b 71 1.1 
P2E 33 590 71 0.6 
PE 50 596 71 1.1 
P2E2 50 606 75 0.5 
PE2 67 613 71 0.5 
PEDOT 100 629 46 0.7 
a) 95 % of full switch from colored-to-bleached, calculated from 
chronoabsorptiometry, b) Secondary vibronic peak 
 
3.4 A Closer Look at PE2 and PEDOT 
 As shown in Table 3.2 and demonstrated for PE2 in Figure 4c, all the copolymers 
exhibit high electrochromic contrasts (Δ%T, defined as the change in transmittance 
between the neutral and oxidized states measured at λmax) exceeding 70% with switching 
times on the order of 0.5−1 s (the chronoabsorptiometry data for PE and PE2 are shown in 
Figure 5 and in ref 28 for P2E and P2E2). Even though comparable electrochromic 
contrasts could not be obtained here for PEDOT using our electrolyte system and 
polymerization method, a contrast of 71 Δ%T at 635 nm has been reported for 
electrochemically deposited PEDOT by Bendikov and co-workers using highly optimized 
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film thicknesses and polymerization conditions.46 This large variation in film quality and 
resulting electrochromic contrast from electropolymerized films is due to the nucleation-
growth mechanism and is not a concern for solution processed polymers. The main 
difference in the electrochromic switching performance of this family of solution 
processable copolymers we have developed was that with increasing EDOT content the 
potential at which the π−π* absorption band is completely bleached out decreases 
following a similar trend as observed for the Eg,opt, with PE2 essentially reaching its fully 
bleached state at just 0.0 V, as shown in the spectra in Figure 3.4c. Interestingly, even if 
little electrochromic change is observed at higher potentials, PE2 and P2E2 are still able to 
maintain a high redox current up to potentials exceeding 1 V vs Ag/Ag+. 
 
 
Figure 3.5. Chronoabsorptiometry of a) PE and b) PE2 on ITO glass in 0.5 M 
TBAPF6/PC. 
 
 A more careful comparison of the spectroelectrochemistry of PE2 and PEDOT 
(Figures 3.4c and 3.4d) shows that the absorption spectra are nearly identical in the 
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charge neutral states including the same vibronic features, and this accounts for the 
similarity in the color of the two polymers as discussed above. The noticeable difference 
in the electrochromic contrast and in the chromaticity of the oxidized states (with a ΔE* 
of ab 6.2 for PE2 vs PEDOT in their oxidized states) is due to the charge carrier bands in 
PEDOT tailing into the visible, leaving more residual color while reducing optical 
contrast. In PE2, the higher energy charge carrier band originating from polarons is red-
shifted by >100 nm, from 923 nm to approximately 1038 nm. Also, the bipolaron 
absorption (λmax outside the recorded wavelength range) is shifted to a lower energy in 
PE2, which significantly reduces the tailing into the visible and accounts for a more color 
neutral oxidized state. The positions of the charge carrier bands in PE2 are more similar to 
those found in alkoxy-functionalized PProDOT than those in PEDOT. This red-shift of 
charge carrier bands is an interesting observation as it differs from the trends observed for 
the Eg,opt, the color, and the oxidation potential where the copolymers exhibit properties 
more closely resembling those of PEDOT than those of PProDOT. 
3.5 PE2 Based Type I Supercapacitor Devices 
 The average mass capacitance of PE2 films estimated from the CVs recorded at 50 
mV/s is 71.4 (+/- 10.1) F/g. Considering only the mass contribution of the electroactive 
backbone (i.e. 46 wt %), the mass capacitance is 130.8 F/g. This is higher than typically 
estimated for electrodeposited PEDOT (90-120 F/g), and is close to the theoretical 
capacitance of PEDOT of 210 F/g (assuming a doping level of 0.33 as discussed in 
Chapter 1).129,130 In order to appropriately assess this copolymer for charge storage 
applications, it is necessary to evaluate it in a symmetrical two-electrode device referred 
to as a Type I SC.131 SC devices using PE2 as the active material and LiBTI/PC as the 
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electrolyte were tested in triplicate and the specific capacitance was calculated based on 
the integrated area of the discharge CV using the mass of the active material on one 
electrode and was calculated as 31.5 (+/- 2.0) F/g at 50 mV/s.  As shown in Figure 3.6a, 
unencapsulated PE2 supercapacitors assembled and tested under ambient conditions are 
highly stable in PC-based electrolytes showing minimal loss (< 20 %) of 
current/capacitance/FF over the course of 50,000 charge/discharge cycles. This confirms 
that these polymer films are electrochemically robust and that the long-term cycling 
stability characteristics for electrochemically synthesized PXDOTs are maintained in 
these soluble analogs. In addition to the promising cycling stability, these devices also 
exhibit exceptional electrochemical stability over a broad voltage range, as shown in 
Figure 6b. PE2 supercapacitors maintain a high FF and charge/discharge currents even at 
a cell voltage of 1.6 V. This increase in cell voltage results in an increased energy density 
(18.4 Wh/kg) and power density (3.3 kW/kg) that is almost a five-fold increase compared 
to earlier work on PXDOT and PXDOP devices.105,106,132,133  
 
Figure 3.6. a) Cycling stability and fill factor retention of a PE2 device over the 
course of 50,000 cycles at 100 mV/s and b) the effect on fill factor and redox 
behavior at 50 mV/s of a PE2 type I supercapacitor (0.5 M LiBTI-PC electrolyte, 
polypropylene separator) with increased cell voltage. 
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3.6 Conclusion 
 In summary, we have developed a highly soluble dioxythiophene-based polymer 
using direct arylation copolymerization that mimics the electrochemical and optical 
properties of PEDOT, and we have been able to accomplish this without additional 
surfactants or dispersants. Using this copolymerization method, we have prepared a 
family of polymers that combines the attractive properties of PEDOT (low oxidation 
potential, broad electrochemical window) with those of alkoxy-functionalized PProDOTs 
(high solubility and exceptional electrochromic contrast) with a range of accessible 
colors. The polymer with the highest EDOT content (PE2) possesses a neutral state color 
that is optically indistinguishable from electrochemically prepared PEDOT while 
achieving a higher contrast and a more color neutral oxidized state. This polymer also 
possesses the lowest oxidation potential we have observed for a soluble thiophene-based 
polymer and a stable electrochemical window of over 2 V. Charge storing 
supercapacitors of PE2 are highly stable to repeated cycling stability with minimal 
capacitance loss even after 50,000 cycles and can achieve voltages up to 1.6 V, 
outperforming most Type I and Type II polymer-based supercapacitors. This allows us to 
now move away from electropolymerized films for charge storage and make solution-
processed device using electrodes of varying form factor made from different materials.  
 
3.7 Experimental Details 
3.7.1 Materials & Synthesis 
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Materials 
EDOT (97%) was purchased from Alfa Aesar and purified via vacuum distillation before 
use. 2-Hexyl-1-decanol (97%) and pivalic acid (99%) were purchased from Sigma and 
was used as received. NaH (57-63% oil dispersion, Alfa Aesar), Pd(OAc)2 (98% , Strem 
Chemicals), K2CO3 (anhydrous, Oakwood Products), 18-Crown-6 (99%, Acros), 
diethyldithiocarbamic acid diethylammonium salt (97%, TCI America) were all used as 
received. 3,3-Bis(bromomethyl)-3,4-dihydro-2H-thieno[3,4-b][1,4]-dioxepine 
[ProDOT(CH2Br)2] was prepared by Dr. B. Reeves35 and used here without additional 
puricication. BiEDOT was prepared using a published method36 and confirmed via 1H 
NMR and GC-MS. The new monomers ProDOT(HxDec) and ProDOT(HxDec)-Br2 were 
prepared as described below with their NMRs. DMF (N,N-dimethylformamide) 
(anhydrous) was purchased from EMD and used as received. DMAc (N,N-
dimethylacetamide) (HPLC grade, Alfa Aesar) was filtered through a pad of basic 
alumina (Sigma Aldrich) prior to use. Chloroform (BDH, 99.8 %) was used without 
further purification to dissolve the polymers. 1H-NMR and 13C-NMR spectra were 
collected on either a Varian Mercury Vx 300 MHz instrument or a Bruker AVANCE III 
HD 500 MHz instrument using CDCl3 as a solvent.  
 
Synthesis of ProDOT(HxDec) 
A dry 500 mL round-bottom flask equipped with a stir bar was filled with 240 mL of 
DMF and 43.0 mL (0.148 mol, 2.5 eq.) of 2-hexyldecyl alcohol. The experiment was 
placed under argon, and 7.49 g (0.2339 mol, 4 eq.) of NaH (57-63% in mineral oil) was 
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slowly added. Upon complete addition of the NaH, the reaction was then heated to 110 
°C for 30 minutes. 20.0g (0.0585 mol, 1 eq.) of ProDOT(CH2Br)2 was then added and the 
reaction was carried out at 110 °C for 20 h. Afterwards, the flask was cooled to ambient 
temperature and extracted with brine and 1:1 diethyl ether/ethyl acetate. The organic 
layer was then washed three times with deionized water and the solvent was removed by 
rotary evaporation under reduced pressure. The resulting crude oil was purified by 
column chromatography using 2% ethyl acetate in hexanes on neutral silica to give 33.1 g 
(85.0%) of the product as a clear, colorless oil. 1H-NMR (300 MHz, CDCl3, 25 oC) δ 6.43 
(s, 2H), 4.00 (s, 4H), 3.46 (s, 4H), 3.26 (d, 4H, J = 5.7 Hz), 1.53 (s, 2H), 1.34-1.20 (br, 
48H), 0.88 (t, 12H, J = 6.7 Hz). 13C-NMR (75 MHz, CDCl3, 25 oC) δ 149.7, 104.9, 74.7, 
73.8, 69.8, 47.8, 38.1, 31.93, 31.90, 31.5, 30.1, 29.8, 29.7, 29.4, 26.8, 22.7, 14.1. HRMS 
(ESI) m/z calcd for C41H77O4S 665.5537, found 665.5530. 
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Synthesis of ProDOT(HxDec)-Br2 
A dry 250 mL round-bottom flask equipped with a stir bar was filled with 70.0 mL of 
CHCl3 and 2.012 g (3.0 mmol, 1 eq.) of ProDOT(HxDec). Then 1.34 g (7.5 mmol, 2.5 
eq.) of NBS was added and the reaction stirred under argon overnight at room 
temperature while cover with aluminum foil to block light. After completion, the product 
was extracted with brine and 200mL of 1:1 ethyl ether/ethyl acetate. The organic layer 
was then washed three times with deionized water and dried over magnesium sulfate. The 
solvent was removed by rotary evaporation under reduced pressure. The resulting crude 
oil was purified by column chromatography using hexanes on neutral silica to give 2.29 g 
(91.8%) of the product as a clear, colorless oil. 1H-NMR (300 MHz, CDCl3, 25 oC) δ 4.07 
(s, 4H), 3.47 (s, 4H), 3.26 (d, 4H, J = 5.7 Hz), 1.54 (s, 2H), 1.35-1.20 (br, 48H), 0.88 (t, 
12H, J = 6.9 Hz). 13C-NMR (75 MHz, CDCl3, 25 oC) δ 147.0, 90.8, 74.7, 74.3, 69.7, 
48.0, 38.1, 31.93, 31.90, 31.5, 30.1, 29.8, 29.7, 29.4, 26.9, 26.8, 22.7, 14.1 HRMS (ESI) 
m/z calcd for C41H75O4Br2S 821.3747, found 821.3745. 
 
 57 
Synthesis of PE 
To a 38 mL Schlenk tube equipped with a stir bar, ProDOT(HxDec)-Br2 (0.7999 g, 1.0 
eq.), EDOT (0.1379 g, 1.0 eq.), palladium acetate (0.0052 g, 2 mol%), pivalic acid 
(0.0292 g, 0.3 eq.), and potassium carbonate (0.3327 g, 2.5 eq.) were added. 25 mL of 
DMAc was added to the tube to dissolve the contents and it was sealed under argon. The 
reaction mixture was premixed for 2 minutes and then lowered into a hot oil bath held at 
140 °C. This solution was allowed to stir vigorously overnight (~14 hours). After the 
flask was removed from the oil bath and allowed to cool to room temperature, a small 
amount of CHCl3 was added. The polymer dispersion was precipitated into methanol and 
stirred for one hour. The precipitate was filtered into a soxhlet extraction thimble and 
washed with methanol, acetone, hexanes, and finally dissolved into chloroform. The 
washings were conducted until color was no longer observed during extraction. After 
dissolution from the thimble, the chloroform was removed via rotary evaporation. 50 mL 
of chloroform was added followed by ~40 mg of a palladium scavenger 
(diethylammonium diethyldithiocarbamate) and ~40 mg of 18-crown-6 and then the 
solution was stirred for 2 hours at 50° C followed by precipitation into 250 mL of 
methanol. The precipitate was vacuum filtered, using a Nylon pad (with a pore size of 20 
µm) as the filter, and washed with a large volume of methanol and allowed to dry. The 
dried material was collected into a vial and dried under vacuum. The polymer was 
obtained as a dark purple solid in 60.2% yield (469 mg). 1H-NMR (500 MHz, CHCl3, 50 
oC) δ 4.19 (br, 4H), 3.63 (br, 4H), 3.36 (br, 4H), 1.62 (br, 2H), 1.45-1.15 (br, 65H), 0.90 
(s, 12H). Anal. calcd. for C47H78O6S2 C 70.28, H 9.79, S 7.98, Found C 70.09, H 9.83, S 
8.23. Mn = 43.8 kDa, Đ = 1.4, vs. PS in THF at 35 °C.  
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Synthesis of PE2 
To a 38 mL Schlenk tube equipped with stir bar, ProDOT(HxDec)-Br2 (0.54505 g, 1.0 
eq.), biEDOT (0.187 g, 1.0 eq.), palladium acetate (0.003 g, 2 mol%), pivalic acid (0.021 
g, 0.3 eq.) and potassium carbonate (0.220 g, 2.5 eq.) were added. 20 mL of DMAc was 
added to dissolve the contents and the tube was sealed under argon. The reaction mixture 
was premixed for 2 minutes to ensure the contents dissolved before heating. The tube was 
lowered into a hot oil bath held at 140 °C and allowed to stir vigorously overnight (~14 
hours). After the flask was removed from the oil bath and allowed to cool to room 
temperature, a small amount of CHCl3 was added the polymer was precipitated into 
methanol and stirred for one hour. The precipitate was filtered into a soxhlet extraction 
thimble and washed with methanol, acetone, hexanes, and finally dissolved into 
chloroform. The washings were conducted until color was no longer observed during 
extraction. After dissolution from the thimble, the chloroform was removed via rotary 
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evaporation. 50 mL of chloroform was added followed by ~40 mg of a palladium 
scavenger (diethylammonium diethyldithiocarbamate) and ~40 mg of 18-crown-6 and 
then stirred for 2 hours at 50 °C followed by precipitation into 250 mL of methanol. The 
precipitate was vacuum filtered, using a Nylon pad (with a pore size of 20 µm) as the 
filter, and washed with a large volume of methanol and allowed to dry. The dried 
material was collected into a vial and dried under vacuum. The polymer was obtained as 
a blue/purple solid in 92.1% yield (575 mg). 1H-NMR (500 MHz, CHCl3, 50 oC) δ 4.41 
(br, 8H), 4.20 (s, 4H), 3.55 (s, 4H), 3.46 (d, 4H), 1.59 (s, 2), 1.45-1.21 (br m, 90H), 1.00-
0.84 (br m, 14H). Anal. calcd. for C53H82O8S3 C 67.48, H 8.76, S 10.19, Found C 





3.7.2 Film Preparation & Characterizations 
 In this study, the copolymers and PProDOT were spray coated onto ITO/glass (25 
x 75 x 0.7 mm3, sheet resistance: 8-12 ohm/sq, Delta Technologies) using a simple hand-
held airbrush (Iwata-Eclipse HP-BC, 15 psi) from 5 mg/mL polymer-chloroform 
solutions (BDH, 99.8 %) to an optical density of 1.4 to 1.6. ITO coated glass slides were 
cleaned with toluene, acetone, and isopropanol and used as the working electrode for the 
spectroelectrochemical measurements. Propylene carbonate was used as the electrolyte 
solvent (PC, Acros Organics, 99.5 %) and was purified and dried using a solvent 
purification system from Vacuum Atmospheres. Tetrabutylammonium 
hexafluorophosphate (TBAPF6, Alfa Aesar, 98 %) was used as the supporting electrolyte 
for the electropolymerization of EDOT, as well as the electrochemical and 
spectroelectrochemical measurements. TBAPF6 was purified by recrystallized from hot 
ethanol. Glassy carbon button electrodes (0.07 cm2) were used for the cyclic voltammetry 
and differential pulse voltammetry measurements. For the electrochemical measurements 
the polymers were drop cast on the glassy carbon electrodes with a fixed volume of 3 µl 
from a 2 mg/ml solution (6 µg of polymer). PEDOT was potentiostatically polymerized 
on ITO and glassy carbon at 1.0 V for 30 s in a solution containing 50 mM EDOT 
dissolved in 0.5 M TBAPF6/PC. 
 Electrochemical measurements were performed in a three-electrode cell with a Pt 
flag as the counter electrode, a Ag/Ag+ (10 mM AgNO3 in 0.5 M TBAPF6/ACN, E1/2 for 
ferrocene: 68 mV) as the reference electrode, and a polymer coated glassy carbon button 
electrode as the working electrode. The voltage and current were controlled and 
monitored with an EG&G PAR 273A potentiostat/galvanostatic under CorrWare control. 
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All films were characterized via cyclic voltammetry between -0.8 V and 0.8 V at 50 
mV/s for 25 cycles, the onset of oxidation was determined by differential pulse 
voltammetry. The in situ spectroelectrochemical measurements were carried out using the 
same potentiostat/galvanostatic in combination with Varian Cary 5000 UV-Vis-NIR 
spectrophotometer. The switching speeds were determined by square wave potential 
absorptiometry (chronoabsorptiometry). Change in absorption was monitored at λmax for 
the given polymer and switched at between two potentials (-1.0 to 1.0 V in the case of PE 
and PE2). All colorimetric values were quantified by converting the absorbance spectra to 
CIELAB L*a*b* color coordinates where the L* represents the white-black balance, a* 
represents the green-red balance, and the b* the blue-yellow balance of a given color. 
Photography was performed using a Nikon D90 SLR camera with a Nikon 18-105 mm 
VR lens. The photographs are presented without any manipulation apart from cropping. 
The degree of color saturation for the different polymers was estimated using equation S1 
where the color saturation (Sab) is defined as the ratio of chromatic color (Cab* to the total 







CHAPTER 4. SOLUBLE PHEDOT COPOLYMERS VIA DIRECT 
(HETERO)ARYLATION POLYMERIZATION: A REVIVED 
MONOMER FOR ORGANIC ELECTRONICS 
 
4.1 Electropolymerized PPheDOT and Processable PheDOT Homopolymers 
 Since the development of EDOT in the late 1980s, dioxythiophenes have become 
ubiquitous in organic electronics (OEs).14 EDOT has been used in materials for 
applications ranging from electrochromism,115,134 to hole transport,135 to OPV68 and its 
corresponding homopolymer, PEDOT, and derivative of said homopolymer have been 
some of the most studied materials in OEs. ProDOTs and acyclic dioxythiophene 
(AcDOTs) have also received much attention, albeit primarily in the field of 
electrochromism. Alternatively, PheDOTs have received far less attention. As discussed 
in Chapter 2, PheDOT and poly(PheDOT) was first reported by Roncali in 2004 in an 
attempt to design a material with the planarity and properties of PEDOT that could be 
functionalized with solubilizing chains without introducing regioirregularity or increased 
interring twisting as seen in functionalized PEDOT.21,119  However, PheDOT, and 
derivatives of PheDOT, have unique properties and distinct differences from EDOT due 
to the phenylene ring. Later results further show the differences between EDOT and 
PheDOT and of longer oligomers of these units.22 Due to the planarity between adjacent 
rings and between the three fused rings of the PheDOT unit, oligo and polyPheDOTs can 
form highly ordered and crystalline materials. This is exemplified in polyPheDOT 
 63 
functionalized with dodecyl side chains, yielding a material that forms nanoribbons with 
a high degree of intra and interchain order, as determined by differential scanning 
calorimetry (DSC) and 2D wide-angle X-ray scattering (2D-WAXS).136  
 Comparing the PheDOT monomer unit to other dioxythiophenes, PheDOT is 
comparable to EDOT in terms of steric bulk, but with a significantly lower electron 
density on the thiophene ring due to π-electrons delocalizing into the phenylene ring.22 
This greatly improves the stability of dihydrogen or dihalogen PheDOT based materials 
compared to the analogous EDOT or ProDOT based materials. Additionally, like AcDOT 
and ProDOT, functionalization of PheDOT with solubilizing side chains does not 
necessarily introduce regioirregularity or chirality to the resulting polymers, as previously 




Scheme 4.1. Structures of electron-rich polymer built from common monomers used 
in organic electronics with varying steric strain between adjacent units and different 
electronic environments on the thiophene ring, leading to different redox, optical 
properties, and stabilities. 
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4.2 DHAP of PheDOTs 
 In spite of these promising results, PheDOTs have received minimal attention. 
This can be attributed to the difficult synthesis of soluble PheDOT monomers. After the 
several steps required alkylating catechol, the transetherification reaction to form the 
alkylated PheDOT unit is typically low yielding (~17 to 30%). One way to overcome this 
difficulty is to synthesize PheDOT directly from commercially available 3,4-
dimethoxythiophene and catechol and use an alkylated comonomer for solubility. While 
dibromoPheDOT (PheDOT-Br2) has been shown to undergo palladium catalyzed cross-
coupling reactions, including Stille137 and Suzuki138, direct arylation using PheDOTs (as 
either the dihydrogen or dihalogen species) has not previously been demonstrated. Here I 
outline the synthesis of a series of soluble, alternating copolymers containing either 
PheDOT or biPheDOT prepared via DHAP, as shown in Scheme 4.2, where the PheDOT 
unit can serve as either the dihydrogen or dihalogen species.  
 
 
Scheme 4.2. A general outline of the copolymerization of PheDOT monomers with 
other aryl monomers using DHAP, with the PheDOT unit serving as either the 




4.3 NMRs of PheDOT Copolymers 
 PheDOT was prepared via the typical transetherification reaction, and subsequent 
bromination of PheDOT using NBS produced PheDOT-Br2.22 Lithiation of PheDOT 
followed by addition of copper(II) yielded biPheDOT.22 All three monomers were 
purified via short silica columns using hexanes as the mobile phase, simplifying 
purification. One benefit of these monomers is their high stability/shelf life. PheDOT-Br2 
does not undergo a solid-state polymerization in the same manner as EDOT-Br2,139 and 
many other halogenated dioxyheterocycles,140,141 to form the halogen-doped 
oligomer/polymer. After over one year of storage in the presence of oxygen and ambient 
light and temperature the three monomers used in this study remained pure and 
polymerization ready.  
 DHAP was performed using higher polarity conditions found to be favorable for 
dioxythiophene-based systems,72 as outlined in Scheme 4.2, to yield the four soluble 
copolymers shown in Figure 4.1a. Interestingly, the less polar conditions used to prevent 
crosslinking/branching, previously optimized by the groups of Thompson66 and Leclerc,64 
are not needed and C-H reactivity appears to be isolated to the heteroaryl (thiophene) 
units and not the phenylenes. NMRs of the copolymers, shown in the experimental details 
and magnified in Figure 4.1b, do not indicate branching off of the backbone and show 
that the expected repeat unit structures were obtained. This is also qualitatively observed 
in the high solubility of these materials in common organic solvents (THF, Toluene, 
CHCl3, etc.) even with number average molecular weights above 50 kDa, as listed in the 
Table 4.1. The comparatively low reactivity of the of the attached phenylene ring is 
consistent with the use of toluene (or other aromatic compound) as a solvent for DHAP. 
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These solvents can undergo C-H activation and end-cap polymer chains,142,71,70 however, 
this is slow compared to thiophene C-H activation and high quality polymers, comparable 
to those made via Stille or Suzuki, can be prepared using these aromatic solvents.64 
Another example of this slow aryl C-H activation compared to heteroaryls is the use of 
halogenated phenylenes and fluorenes units in DHAP without forming crosslinking 
materials.143,68   
 
 
Figure 4.1. a) Structures of the PheDOT copolymer series prepared using DHAP 
and b) NMRs (700 MHz in TCE-D2) of the copolymers magnified to show the region 





















PheDOT-ProDOT 68.2 3.7 -0.10 1.92 560, 607 74 0.8 
PheDOT2-ProDOT 33.8 1.4 -0.05 1.86 573 65 0.9 
PheDOT-AcDOT 22.5 4.4 -0.08 1.99 541 72 0.6 
PheDOT-AcDOT2 51.8 2.4 0.13 2.03 530 69 1.5 
a) via GPC vs. polystyrene standards in THF b) by DPV vs Ag/Ag+ (68 mV vs. Fc/Fc+) c) 
from film data on ITO glass in 0.5 M TBAPF6/PC 
 
4.4 Thermal Properties of PheDOT Copolymers 
 Considering the thermal properties of these systems, thermal gravimetric analysis  
(TGA) demonstrates that all of the copolymers are stable to over 300 °C, shown in Figure 
4.2a. Introduction of a ProDOT or AcDOT unit bearing branched side chains removed 
the ordering previously seen in some PheDOT based systems, with DSC traces (Figure 
4.2b) showing no thermal transitions. This low degree of order is useful for 
electrochromic applications as it can reduce the variation in films from different 
processing conditions and it has been theorized that amorphous films yield higher 
electrochromic contrast (ΔT) due to reduced light scattering from the film surface.  
 68 
 
Figure 4.2. a) TGA at a rate of 10 °C/minute and b) DSC of the copolymer series. 
 
4.5 Redox Properties 
 The CVs of both PheDOT-ProDOT and PheDOT2-ProDOT, as seen in Figure 2a, 
are relatively broad and reversible from -1 to 0.8V. The CVs of these two copolymers 
have onsets of oxidation that are lower than the ProDOT homopolymer, ECP-M144, and 
similar to electropolymerized polyPheDOT.21 As expected, incorporation of a biPheDOT 
unit broadens the electroactive response and appears to lower the Eox slightly. However, 
the DPVs, shown numerically in Table 4.1, indicate a slightly lower Eox for PheDOT-
ProDOT than PheDOT2-ProDOT. Copolymerization with an AcDOT unit (yielding 
PheDOT-AcDOT) raises the Eox of the resulting copolymer and also increases the current 
density in the CV. These two effects are observed again when changing the AcDOT for a 
biAcDOT unit (yielding PheDOT-AcDOT2). The CV traces (Figure 4.2a and 4.2b) of 
PheDOT-ProDOT, PheDOT-AcDOT, and PheDOT-AcDOT2 show the expected trend of 
increasing Eox with increased steric strain between rings.  
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Figure. 4.3. CVs, after electrochemical breakin, of dropcast films (3 µL of a 2 
mg/mL solution in CHCl3) of the a) ProDOT containing copolymers and b) the 
AcDOT containing copolymers on glassy carbon button electrodes using a Pt flag as 
a counter electrode and 0.5 M TBAPF6/PC as the electrolyte, sweeping at a scan rate 
of 50 mV/s. Current densities normalized to PheDOT-AcDOT2 for clarity.  
 
4.6 UV-vis & Spectroelectrochemistry 
 Film (in the charge neutral state after electrochemical conditioning) UV-vis 
spectra of the copolymer series, seen in Figures 4.4a, show narrow absorbance profiles 
with gradually lowering optical bandgaps (Eg, opt) as the repeat units go from most 
(PheDOT-AcDOT2) to least (PheDOT2-ProDOT) twisted. As seen in Figure 4.4b, 
transmittance spectra of the polymer films in the charge neutral states (solid lines) and 
oxidized states (dashed lines) show a large change in absorbance. From these spectra and 
the photos in Figure 4.4c it can be seen that all of the copolymers are high contrast 
electrochromic materials that go from vibrantly colored neutral states to transmissive, 
color neutral oxidized states. The change in transmittance (ΔT) for all four copolymers, 
as listed in table 4.1, is between 65 and 74% (at λmax), making these materials comparable 
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to other solution processable, high contrast dioxyheterocycle-based electrochromic 
materials. It should be noted that while PheDOT-AcDOT2 does reversibly switch on 
button electrodes, large films on ITO delaminate upon repeated cycling. Various cleaning 
and surface modification procedures were tested but none improved electrode adhesion 
for this copolymer. However, this may not be a problem in electrochromic devices using 
a gel or solid electrolyte. Chronoabsorptiometry experiments for the copolymers 
demonstrate that all of them, except for PheDOT-AcDOT2, have 95% switching speeds 
of less than one second (listed in Table 1). 
 
 
Figure 4.4. a) Normalized absorbance spectra of spray cast films (from a 4 mg/mL 
solution in CHCl3, cast to an optical density 1 ± ~0.1) of the PheDOT copolymer 
series, b) transmittance spectra (without normalization) of the series in the charge 
neutral (solid lines) and oxidized (dashed lines) states, and c) photographs of these 
films in their pristine, neutral, and oxidized states, all on ITO glass in a three 
electrode cell setup in a quartz cuvette using a Pt flag as a counter electrode and 0.5 





 By analyzing the colorimetry of these copolymer films we can better understand 
the color evolution during the oxidation process. In the a*b* plot (Figure 4.5a) we can 
see that after the spray cast films are electrochemically switched the polymer chains 
reorganize, leading to a change in color. Specifically, the b* (yellow/blue component) 
values of both AcDOT containing copolymers decrease (increased blue and decreased 
yellow color) upon electrochemical conditioning and the a* (red/green component) and 
b* values decrease (shifting from purple towards blue) for the ProDOT containing 
copolymers. After conditioning, electrochemical oxidation of the copolymers lead to the 
a*b* values approaching the origin, making the color appear to bleach out and resulting, 
ultimately, in the color neutral transmissive state. While this bleaching process is gradual 
for the ProDOT containing copolymers it is more sudden for AcDOT containing 
copolymers, with PheDOT-AcDOT2 showing an almost complete change in a 0.1 V 
window. This is also observed in the change in L* (light/dark component) values as a 
function of potential, shown in Figure 4.5b. While the other three copolymers switch 
gradually between -0.2 and 0.7 V, PheDOT-AcDOT2 has a sudden change from colored 
to bleached between 0.3 and 0.4 V. Currently, the cause of this effect is unknown but has 




Figure 4.5. a) a*b* diagram showing the color change occurring during 
electrochemical oxidation of the copolymer series from the pristine films to the 
charge neutral states after conditioning (dotted lines) and charge neutral to oxidized 
states (solid lines) in 0.1 V increments and b) the change in L* as a function of 
potential on ITO glass in 0.5 M TBA/PF6/PC vs. Ag/Ag+. 
 
 The previously noted similarity in Eox between PheDOT-ProDOT and PheDOT2-
ProDOT calls for further discussion. This similarity in Eox is significantly different than 
what was observed with ProDOT/EDOT copolymer systems, where incorporation of a 
biEDOT unit in place of an EDOT resulted in a reduction in the Eox of 0.4 V.144 This was 
initially surprising as both the biPheDOT and biEDOT units are planar. However, while 
this planarity does reduce steric interactions between rings leading to a lowering of the 
Eox, there is also a difference in the electron density of these two units. BiEDOT is highly 
electron rich due to the π-electron donation from the oxygen atoms into the thiophene 
ring while biPheDOT is comparatively less electron rich, and therefore more difficult to 
oxidize, due to the π-electrons being able to delocalize into either the thiophene or 
phenylene rings. This is also the cause of the increased stability of the PheDOT-based 
monomers compared to other dioxyheterocycles. With this in mind we can now 
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rationalize the differences in Eox and breadth of electroactivity between PheDOT2-
ProDOT and PE2, with the CVs of these two polymers shown in Figure 4.6. These 
differences allow for further structural tuning to design polymers for various applications. 
For example, in charge storage the exceptionally low Eox of PE2 is beneficial as energy 
density is a function of the voltage window. Alternatively, in polymer blending for color 
tuning this low Eox can result in blends with intermediate colors that are undesirable, 
making PheDOT2-ProDOT potentially a better choice.  
 
Figure 4.6. CVs of drop cast films (3µL of a 2mg/mL solution in CHCl3) of 
PheDOT2-ProDOT and PE2 (or EDOT2-ProDOT) on glassy carbon button 
electrodes using a Pt flag as a counter electrode and 0.5 M TBAPF6/PC as the 
electrolyte, sweeping at a scan rate of 50 mV/s. 
 
4.8 Switching Stability 
 Finally, the long-term cycling stability of one of the PheDOT copolymers, 
specifically PheDOT-ProDOT, was tested in order to determine if the phenylene unit 
reduces the switching lifetime of the copolymer. The reactivity of the phenylene unit was 
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initially a concern as some electrochromic polymers containing phenylenes in the 
backbone show low cycling stability, potentially due to crosslinking of the phenylenes 
upon oxidation.145 A spray-cast film of PheDOT-ProDOT was prepared and placed in a 
three-electrode cell using the same setup as for the spectroelectrochemistry and the 
electrolyte solution (0.5 M TBAPF6/PC) was degassed via argon bubbling for five 
minutes. The setup was then placed in the UV-vis instrument and left open to ambient 
conditions. The UV-vis specta were taken in the neutral and oxidized states. The film was 
then switched in a chronoabsorptiometry experiment between -0.5 and 0.7 V for 2000 
cycles. Spectra of the neutral and oxidized states were taken again after the 2000 cycles 
and is can be seen in Figure 4.7 that there is no significant change to the absorbance 
profiles in either the neutral of oxidized states between the pre and post cycling spectra. 
Extracting the Δ%T values from the chronoabsorptiometry shows only a 1.1% decrease 
in contrast (from 69.2 to 68.1) at λmax, with the values listed as a function of cycles in 
Figure 4.7. This demonstrates the high stability of these systems and their potential use in 
electrochromic devices and other redox active applications. This also suggests that the 
previously discussed poor redox stability of polymers containing phenylenes is due to the 
change between aromatic to quinoidal forms of the phenylene unit. This change does not 
occur in the PheDOT unit as the attached phenyl ring maintains its aromaticity during 




Figure 4.7. a) Absorbance spectra of a PheDOT-ProDOT film (on ITO glass) in the 
charge neutral (-0.5 V) and oxidized states (0.7 V) before (purple traces) and after 
(green traces) 2000 cycles with the contrast as a function of cycles (blue points and 
trace) in 0.5 M TBAPF6/PC.  
 
4.9 Conclusion 
 In summary, the PheDOT unit undergoes C-H activation to selectively polymerize 
through the thiophene ring without crosslinking from the fused phenylene. Standard 
DHAP conditions are effective at forming structurally well-defined, high molecular 
weight copolymers that are soluble and processable in common organic solvents. 
PheDOT containing copolymers are vibrantly colored electrochromic materials with 
colorless oxidized states with high contrast values (Δ%T) that are comparable to other 
dioxyheterocycle-based polymers. The copolymers are exceptionally stable to repeated 
redox switching, with only a 1% loss in contrast after 2000 switching cycles in ambient 
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conditions. This work demonstrates that PheDOTs are useful units for organic electronics 
that have been underutilized over the past decade. 
 
4.10 Experimental Details 
4.10.1 Materials 
 PheDOT, biPheDOT, and PheDOT-Br2 were prepared according to literature 
procedures and confirmed using 1H NMR and GC-MS.22 AcDOT-Br2 and biAcDOT-Br2 
were prepared by J. Kerszulis as reported in the literature.73 Pd(OAc)2 (98 %, Strem 
Chemicals), pivalic acid (99 %, Sigma), K2CO3 (anhydrous, Oakwood Products), 18-
Crown-6 (99 %, Acros), diethyldithiocarbamic acid diethylammonium salt (97 %, TCI 
America), KOH (Technical Grade, Fisher Scientific), and pTSA (monohydrate, 98 %, 
Alfa Aesar) were used as received. DMAc (HPLC grade, Alfa Aesar) was filtered 
through a pad of alumina (basic, Sigma Aldrich) and degassed by argon bubbling prior to 
use.  
4.10.2 Instrumentation 
 The molecular weight and dispersity of the polymer were obtained using a THF 
GPC at 35°C calibrated vs. polystyrene standards. The 1H-NMR (64 scans) spectrum was 
collected on a Bruker 700 MHz instrument using C2D2Cl4 as a solvent at a temperature of 
323K The electrical potential in the three-electrode cell setup was measured using either 
a Ag/Ag+ reference electrode (10 mM AgNO3 in 0.5 M TBAPF6-ACN, E1/2 for ferrocene: 
68 mV), and the counter electrode was a platinum flag. The CV and DPV measurements 
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were performed on an EG&G PAR (model 273A) potentiostat/galvanostatic under 
CorrWare control. Spectroelectrochemistry and chronoabsorptiometry were measured 
using an Agilent Technologies Cary 5000 UV-Vis-NIR Spectrophotometer under Cary 
WinUV control and a EG&G PAR (model 263A) potentiostat/galvanostatic under 
CorrWare control. All colorimetric values were quantified by converting the absorbance 
spectra to CIELAB L*a*b* color coordinates where the L* represents the white-black 
balance, a* represents the green-red balance, and the b* the blue-yellow balance of a 
given color. Photography was performed using a Nikon D90 SLR camera with a Nikon 
18-105 mm VR lens. The photographs are presented without any manipulation apart from 
cropping. 
4.10.3 Polymer Synthesis 
PheDOT-ProDOT 
 To a 38 mL Schlenk tube with stir bar, PheDOT-Br2 (0.4185 g, 1.0 eq.), 
ProDOT(HxDec) (0.800 g, 1.0 eq.), palladium acetate (0.006 g, 2 mol%), pivalic acid 
(0.036 g, 0.3 eq.), and potassium carbonate (0.4159 g, 2.5 eq.) were added. 12 mL of 
DMAc was added to dissolve the contents and the tube was sealed under argon. The 
reaction mixture was premixed for 2 minutes. The tube was then lowered into an oil bath 
and heated to 140 °C and allowed to stir vigorously overnight (~14 hours). After the flask 
was removed from the oil bath and allowed to cool to room temperature, the polymer was 
precipitated into methanol and stirred for one hour. The precipitate obtained from 
precipitation was filtered into a soxhlet extraction thimble and washed with methanol, 
acetone, hexanes, and finally dissolved into chloroform. The washings were conducted 
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until color was no longer observed during extraction. After dissolution from the thimble, 
the chloroform was removed using a rotary evaporator and then ~50 mL of chloroform 
was added followed by ~20 mg of a palladium scavenger (diethylammonium 
diethyldithiocarbamate) and ~20 mg of 18-crown-6 and then stirred for 2 hours at 50 °C. 
This solution was then precipitated into ~250 mL of methanol. The precipitate was 
vacuum filtered, using a Nylon pad (with a pore size of 20 µm) as the filter, and washed 
with a large volume of methanol and allowed to dry. The dried material was collected 
into a vial and dried under vacuum. The polymer was obtained as a purple solid in 46% 
yield (471 mg). 1H-NMR (700 MHz, C2D2Cl4, 50 oC) δ 7.11 (d, 4H), 4.28 (br, 2H), 3.65 
(br, 4H), 3.38 (br, 4H), 1.30 (br), 1.01-0.84 (br). Anal. calcd. for C51H78O6S2 C 71.96, H 






To a 38 mL Schlenk tube equipped with stir bar, ProDOT-Br2 (0.2129 g, 1.0 eq.), 
biPheDOT (0.0978 g, 1.0 eq.), palladium acetate (0.0025 g, 2 mol%), pivalic acid (0.086 
g, 0.3 eq.), and potassium carbonate (0.096 g, 2.5 eq.) were added. 2.6 mL of DMAc was 
added to dissolve the contents and the tube was sealed under argon. The reaction mixture 
was premixed for 2 minutes. The tube was lowered into an oil bath and heated to 140 °C 
and allowed to stir vigorously overnight (~14 hours). After the flask was removed from 
the oil bath and allowed to cool to room temperature, the polymer was precipitated into 
methanol and stirred for one hour. The precipitate was filtered into a soxhlet extraction 
thimble and washed with methanol, acetone, hexanes, and finally dissolved into 
chloroform. The washings were conducted until color was no longer observed during 
extraction. After dissolution from the thimble, the chloroform was removed using a rotary 
evaporator and then ~50 mL of chloroform was added followed by ~20 mg of a 
palladium scavenger (diethylammonium diethyldithiocarbamate) and ~20 mg of 18-
crown-6 and then stirred for 2 hours at 50 °C then precipitated into 250 mL of methanol. 
The precipitate was vacuum filtered, using a Nylon pad (with a pore size of 20 µm) as the 
filter, and washed with a large volume of methanol and allowed to dry. The dried 
material was collected into a vial and dried under vacuum. The polymer was obtained as 
a purple/blue solid in 64% yield (171 mg). 1H-NMR (700 MHz, C2D2Cl4, 50 oC) δ 7.25-
6.55 (br, 8H), 4.25 (br, 2H), 3.50 (br, d, 8H), 1.65-1.10 (br), 1.05-0.70 (br). Anal. calcd. 
for C61H82O8S3 C 70.48, H 7.95, S 9.25, Found C 69.67, H 7.42, S 9.88. Mn = 33.8 kDa, 





To a 38 mL Schlenk tube equipped with stir bar, AcDOT-Br2 (0.700 g, 1.0 eq.), PheDOT 
(0.2672 g, 1.0 eq.), palladium acetate (0.007 g, 2 mol%), pivalic acid (0.045 g, 0.3 eq.), 
and potassium carbonate (0.485 g, 2.5 eq.) were added. 14.0 mL of DMAc was added to 
dissolve the contents and the tube was sealed under argon. The reaction mixture was 
premixed for 2 minutes. The tube was lowered into an oil bath and heated to 140 °C and 
allowed to stir vigorously overnight (~14 hours). After the flask was removed from the 
oil bath and allowed to cool to room temperature, the polymer was precipitated into 
methanol and stirred for one hour. The precipitate was filtered into a soxhlet extraction 
thimble and washed with methanol, acetone, and finally dissolved into hexanes. The 
washings were conducted until color was no longer observed during extraction. After 
dissolution from the thimble, the chloroform was removed using a rotary evaporator and 
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then ~50 mL of chloroform was added followed by ~20 mg of a palladium scavenger 
(diethylammonium diethyldithiocarbamate) and ~20 mg of 18-crown-6 and then stirred 
for 2 hours at 50 °C then precipitated into 250 mL of methanol. The precipitate was 
vacuum filtered, using a Nylon pad (with a pore size of 20 µm) as the filter, and washed 
with a large volume of methanol and allowed to dry. The dried material was collected 
into a vial and dried under vacuum. The polymer was obtained as a dark red solid in 41% 
yield (304 mg). 1H-NMR (700 MHz, C2D2Cl4, 50 oC) δ 7.12 (d, 4H), 4.08 (br, 4H), 1.95 
(br, 2H), 1.70-1.48 (br, m), 1.47-1.26 (br), 1.10-0.80 (br). Anal. calcd. for C30H38O4S2 C 
68.41, H 7.27, S 12.17, Found C 68.14, H 7.08, S 12.42. Mn = 22.5 kDa, Đ = 4.4, vs. PS 






To a 38 mL Schlenk tube equipped with stir bar, biAcDOT-Br2 (1.001 g, 1.0 eq.), 
PheDOT (0.2269 g, 1.0 eq.), palladium acetate (0.006 g, 2 mol%), pivalic acid (0.034 g, 
0.3 eq.), and potassium carbonate (0.4181 g, 2.5 eq.) were added. 12 mL of DMAc was 
added to dissolve the contents and the tube was sealed under argon. The reaction mixture 
was premixed for 2 minutes. The tube was lowered into an oil bath and heated to 140 °C 
and allowed to stir vigorously overnight (~14 hours). After the flask was removed from 
the oil bath and allowed to cool to room temperature, the polymer was precipitated into 
methanol and stirred for one hour. The precipitate was filtered into a soxhlet extraction 
thimble and washed with methanol, acetone, and finally dissolved into hexanes. The 
washings were conducted until color was no longer observed during extraction. After 
dissolution from the thimble, the chloroform was removed using a rotary evaporator and 
then ~50 mL of chloroform was added followed by ~20 mg of a palladium scavenger 
(diethylammonium diethyldithiocarbamate) and ~20 mg of 18-crown-6 and then stirred 
for 2 hours at 50 °C then precipitated into 250 mL of methanol. The precipitate was 
vacuum filtered, using a Nylon pad (with a pore size of 20 µm) as the filter, and washed 
with a large volume of methanol and allowed to dry. The dried material was collected 
into a vial and dried under vacuum. The polymer was obtained as a fluffy, deep red solid 
in 94% yield (966 mg). 1H-NMR (700 MHz, C2D2Cl4, 50 oC) δ 7.08 (d, 4H), 4.07 (br, 
8H), 1.98 (d, 4H), 1.73-1.2 (br, m), 1.07-0.82 (br). Anal. calcd. for C50H72O6S3 C 69.40, 














CHAPTER 5. THE HETEROATOM ROLE IN POLYMERIC 
DIOXYSELENOPHENE/DIOXYTHIOPHENE SYSTEMS FOR 
COLOR AND REDOX CONTROL 
Adapted from:  
Ponder, J., F.; Pittelli, S., L.; Reynolds, J. R. Heteroatom Role in Polymeric 
Dioxyselenophene/Dioxythiophene Systems for Color and Redox Control. ACS Macro 
Letters 2016, 5, 714−717 
 
5.1 Polyselenophenes 
 Polyselenophenes have received attention in the field of organic electronics due to 
their similarities and differences to the more widely studied polythiophenes, where they 
possess reduced aromatic character, leading to increased quinoidal character and 
planarity between rings and yielding lower electronic band-gaps.140,146-148 Of particular 
note is the computational and experimental work of the late Michael Bendikov on 
selenophene oligomers and polymers who developed extensive selenophene chemistry 
and made important comparisons with structurally similar thiophene-based    
polymers.149-151 Recently, poly(3-alkylselenophenes) and copolymers containing 3-
alkylselenophenes152,153 along with other selenophene containing polymers have found 
use as both organic field-effect transistor (OFET)154 and OPV155 materials with enhanced 
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transport properties due to more extensive interchain interactions compared to their 
thiophene analogs. 
5.2 Dioxyselenophenes (XDOSs) 
 In a similar comparison, electrochemically polymerized 3,4-
alkylenedioxyselenophenes (XDOSs) have been investigated and compared to their 
analogous XDOTs as redox active and EC materials. This is illustrated in PProDOS, 
which exhibits a saturated blue hue due to a distinct red-shift148,156 of the neutral 
polymer’s π→π* transition relative to the more purple color observed for the 
PProDOTs.157,158 A red-shifted absorption of the PProDOS cation-radical (polaron state) 
relative to that observed for PProDOT moves the charged material’s absorption of light 
more fully into the near-infrared.158 These PXDOS materials have low onsets of 
oxidation (as low as −0.95 V vs Ag/AgCl),150 which is of particular use in EC and 
electrochemical charge storage devices, such as SCs. For the PXDOS family of materials 
to become more attractive and useful for redox and organic electronic applications, it is 
necessary to move beyond electrochemical polymerizations with the preparation and 
processing of soluble polymers. The dehalogenative polymerization of dihalo XDOSs 
monomers were reported, yielding soluble oligomers with a low molecular weight (5 
kDa), but no polymeric materials were presented.159 To date, there is only one example, 
apart from this work, of a soluble XDOS polymer/copolymer. ProDOS functionalized 
with solubilizing side chains was electropolymerized to yield a low molecular weight 
product (7.2−9.3 kDa), which could subsequently be spray cast from a dichloromethane 
(DCM) solution.157  
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5.3 DHAP of EDOS and ProDOT-Classic-Br2 
 While DHAP has emerged as a practical and versatile tool for the preparation of a 
wide range of small molecules and polymers, this method has not been well explored 
with selenophenes. There relatively few publications studying selenophene direct 
arylation or DHAP conditions and no reports of XDOSs prepared via these     
methods.160- 163 As discussed in the rest of this thesis DHAP has been utilized to 
synthesize a large number of dioxythiophene-based polymers and copolymers for high 
contrast electrochromic and charge storage applications and here, for the first time, this 
chemistry has been extended to XDOS-based polymers. Specifically, the first synthesis of 
an alternating ProDOT-EDOS copolymer, applying standard DHAP conditions, is 
reported with EDOS serving as the dihydrogen species and a ProDOT derivative with 2-
hexyldecyloxy solubilizing chains as the dihalide to yield ProDOT-EDOS, as illustrated 
in Scheme 5.1. The polymer was purified via Soxhlet extraction followed by 
reprecipitation and the repeat unit structure confirmed using elemental analysis and NMR 
(as shown in the experimental details). The molecular weight of the polymer (Mn = 12.5 
kDa, Đ = 1.6) was determined via gel permeation chromatography (GPC) relative to 
polystyrene standards. The ProDOT-EDOS copolymer is highly soluble in common 
solvent including THF and toluene. The synthesis of this material was initially attempted 
using a ProDOT monomer bearing shorter 2-ethylhexyloxy side chains and resulted in a 
polymer that was only slightly soluble in hot chloroform and a GPC molecular weight 
estimation could not be made. A second attempt was made with the DHAP reaction being 
quenched by addition of methanol as soon as the polymer appeared to gel (after ~10 
minutes). However, this did not improve the solubility of the resulting material. This lead 
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to the use of longer 2-hexyldecyloxy side chains as previously discussed in Chapter 3 to 




Scheme 5.1. Direct (hetero) arylation polymerization of a dibromo ProDOT 
derivative and EDOS to yield ProDOT-EDOS . 
 
5.4 Electrochemistry of ProDOT-EDOS vs. ProDOT-EDOT and PProDOT 
 CV of a dropcast film of the polymer on a glassy carbon electrode exhibited a low 
onset of oxidation followed by a broad electrochemical response, as shown in Figure 
5.1a. This onset of oxidation is lower than both the PProDOT homopolymer (ECP-M) 
and the ProDOT-EDOT alternating polymer bearing the same side chains. This is 
consistent with the low oxidation potential reported in the literature for 
electropolymerized XDOS polymers and is confirmed by DPV, as shown in Figure 5.1b, 
where ProDOT-EDOS shows a reduction in the onset of oxidation of 160 mV relative to 
ProDOT-EDOT simply by changing one of the heteroatoms in the repeat unit from sulfur 
to selenium. The higher current and corresponding increase in area of the CV trace 


















used in place of the XDOT materials currently under investigation as charge storage 
materials.  
 
Figure 5.1. a) CVs and b) oxidative DPVs of ECP-M (magenta trace), ProDOT-
EDOT (blue trace), and ProDOT-EDOS (red trace) drop cast to equal mass films (3 
µL of 2 mg/mL solutions in CHCl3) on glassy carbon electrodes, demonstrating the 
reduction in onset of oxidation and broad stable window of the polymer films as well 
as an increase in redox current. 
 
5.5 Spectroelectrochemistry of ProDOT-EDOS 
 When spray cast from a chloroform solution (4 mg/mL) onto ITO glass, the 
resulting ProDOT-EDOS film appears as a slightly muted blue film (L*a*b* = 53, 1, 
−45). However, it can be seen in Figure 5.2a that following an electrochemical break-in 
with 5 CV cycles the neutral form of the film is converted to a deep blue color (L*a*b* = 
53, −4, −47). Upon oxidation of the polymer the blue color disappears and a colorless and 
transmissive state (L*a*b* = 92, −3, −3) is formed, as seen in Figure 5.2a. The 
spectroelectrochemical series of the film in Figures 5.2b allows for the observation of the 
gradual oxidation of the polymer and the depletion of the charge neutral state as polarons 
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are formed, followed by bipolarons, and ultimately bipolaron band formation30,31 with 
complete disappearance of the neutral state absorption by 0.8 V.  
 
Figure 5.2. a) Photographs of a spray-cast film of ProDOT-EDOS on ITO in 
electrolyte solution in its pristine (as cast), charge neutral (-1.0V), and oxidized 
(+0.8V) forms and b) UV-vis absorption of ProDOT-EDOS on ITO at various 
applied potentials from the fully reduced, or charge neutral, form (blue trace) to the 
fully oxidized form (red trace). 
 
5.6 Absorbance and Colorimetric Comparisons of ProDOT-EDOS, ProDOT-
EDOT, PProDOT, and PEDOT 
 The UV−vis-NIR absorbance profiles of PProDOT, ProDOT-EDOT, and 
ProDOT-EDOS shown in Figure 5.3a demonstrate a red-shift in both peak and onset of 
absorbance for this family of polymers. Insertion of the less sterically encumbering 
EDOT in alternation with ProDOT leads to a relaxation of the torsional angles along the 
polymer backbone, as demonstrated previously in studies directed to color tuning in 
ECPs and discussed in Chapter 3. With the subsequent substitution of the sulfur atom for 
a selenium atom in the EDOS repeat unit, a further 41 nm red-shift in peak absorbance is 
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observed (Table 5.1). Using the energy for the onset of the π→π* transition in the 
polymer as an estimation of the optical bandgap (Eg, opt), we see a decrease from 1.97 to 
1.77 eV and, finally, to 1.62 eV across this series. Tracking the hue and saturation of the 
films during oxidation, the colorimetry results in Figure 5.3b and Table 5.1 show how the 
materials transition from deeply colored states to highly transmissive, near neutral hued 
forms. The a* = −4 value for ProDOT-EDOS is unusual, as it does not contain a red 
component as we typically see in blue XDOT ECPs (specifically in PE2 and PEDOT), 
which have small positive a* values.144 As the polymer is oxidized, the colorimetry 
results track the b* axis relatively closely, minimizing secondary colors observed during 
electrochemical switching. From a plot of lightness value (L*) as a function of applied 
potential, shown in Figure 5.4a, it can be seen that the bleaching primarily occurs over a 
small potential window, from -0.4 to 0.1 V. This switch is relatively rapid with a 95% 
switch, calculated from the chronoabsorptiometry in Figure 5.5b, of 0.60 s. 
 
Figure 5.3. a) Normalized absorption spectra of PProDOT (magenta trace) at higher 
energy, ProDOT-EDOT (blue trace), and ProDOT-EDOS (red trace) at lower 
energy, and (b) a*b* diagram showing the change in color occurring during 




Figure 5.4. a) Lightness value (L*) of ProDOT-EDOS as a function of voltage and b) 
chronoabsorptiometry of ProDOT-EDOS on ITO switching between -1.0V and 0.8V 
in 0.5M TBAPF6/PC. 
Table 5.1. Optical, Colorimetric, and Electrochemical Comparisons of PProDOT, 





L*, a*, b* 
(neutral) 




Onset of Oxidation 
(V) by DPV 
PProDOT 550 937 42, 58, -38 89, -3, -3 1.97 0.08 
ProDOT-EDOT 600 970 52, 12, -48 93, -3, -3 1.77 -0.36 
ProDOT-EDOS 641 1076 53, -4, -47 92, -3, -3 1.62 -0.52 
PEDOT 629 923 35, 10, -54 81, -6, -10 1.66 -0.95 
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 Interestingly, it can be see in Table 5.1 that the absorption maximum of ProDOT-
EDOS and PEDOT are similar and the difference in Eg, opt between the two is small (0.04 
eV), suggesting that the materials will appear similar in perceived color. However, a 
quantitative comparison of the colorimetry values of the two polymers show that this is 
not true and the materials appear as distinct shades of blue. The color difference equation 
(ΔE*ab) presented in Chapter 2 (equation 2.1) was used to compare the colors, thereby 
determining if they are distinguishable to a standard observer.94 Recall that if the value of 
ΔE*ab is greater than 2.2, two colors are distinguishable from each other. Despite the 
similarities in peak absorbance and Eg, opt, ProDOT-EDOS and PEDOT have a ΔE*ab 
value of 24, meaning that while they are both blue polymers they appear as distinctly 
different shades of blue. In contrast, PE2 (λmax = 613 nm, Eg, opt = 1.71 eV) has a ΔE*ab 
value of 2.2 relative to PEDOT, making these two materials indistinguishable to a 
standard observer in spite of the larger difference in peak absorbance and Eg, opt. 
Comparing these polymers nicely demonstrates how perceived color is more complex 
than the bandgap and peak absorbance, but is dependent on the overall absorbance 
profile.  
 While altering the backbone structure in dioxythiophene polymers shifts the 
neutral absorbance, it generally does not have a significant effect on the polaronic 
absorption, which tends to be found between 780 and 980 nm, with some exceptions. 
This is exemplified in PProDOT and ProDOT-EDOT with a 50 nm difference in the 
neutral, and a 33 nm difference in the polaronic peak absorbance, corresponding to 
decreases in energy of 188 and 45 meV, respectively. Substitution of the sulfur for 
selenium on the 3,4-ethylenedioxyheterocyclic unit leads to a smaller energy reduction of 
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132 meV (a 41 nm red-shift) in the neutral absorbance and a larger energy reduction of 
126 meV (a 106 nm red-shift) in the polaron absorption relative to ProDOT-EDOT. This 
tread is expected, base on the literature, to continue as the ratio of XDOS to XDOT is 
increased further. By moving the polaron further into the IR, it may be possible to reduce 
the extent of tailing of the charged state absorption into the visible, which may ultimately 
increase the EC contrast observed. 
5.7 Conclusions on XDOSs 
 Given the large effect that substitution of a selenium atom in place of sulfur in 
these structures has on the redox behavior, neutral state absorbance, and polaron 
absorbance of the resulting copolymer, we envision that these dioxyselenophenes will be 
of practical use in color mixing of electrochromic polymers. The XDOS family of 
polymers can provide the long wavelength absorbance needed for brown and black 
blends without leading to the higher oxidation potential and lower EC contrast that 
donor−acceptor ECPs (e.g. ProDOT-alt-BTD) typically exhibit.34 Additionally, the 
significant reduction in oxidation potential and broad electroactive response make this 





5.8 Experimental Details 
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5.8.1 Materials 
 Pivalic acid (99%) was purchased from Sigma and used as received. Pd(OAc)2 
(98%, Strem Chemicals), K2CO3 (anhydrous, Oakwood Products), 18-Crown-6 (99%, 
Acros), diethyldithiocarbamic acid diethylammonium salt (97%, TCI America) were all 
used as received. 6,8-dibromo-3,3-bis(((2-hexyldecyl)oxy)methyl)-3,4-dihydro-2H-
thieno[3,4- b][1,4]dioxepine (ProDOT(HxDcO)2-Br2) was prepared as described in 
Chapter 3 and EDOS140 was prepared using a published method and confirmed via mass 
spectrometry and NMR. ECP-M (Mn = 12.4 kDa, Đ = 1.8, THF at 35 °C vs. polystyrene 
standards), ProDOT-EDOT (Mn = 43.8 kDa, Đ = 1.4, THF at 35 °C vs. polystyrene 
standards), and PEDOT were prepared as described in Chapter 3. DMAc (HPLC grade, 
Alfa Aesar) was passed through a pad of basic alumina (Sigma Aldrich) and degassed via 
argon bubbling prior to use. Chloroform (BDH, 99.8 %) was used without further 
purification. 1,1,2,2-Tetrachloroethane-D2 (TCE-D2) (99.6%, Cambridge Isotope 
Laboratory, Inc.) was used as received. Propylene carbonate (PC, Acros Organics, 99.5 
%) was purified and dried using a solvent purification system from Vacuum 
Atmospheres. Tetrabutylammonium hexafluorophosphate (TBAPF6, Alfa Aesar, 98 %) 
was purified by recrystallized from hot ethanol and dried under high vacuum. 
5.8.2 Polymer Synthesis 
 `To a 38 mL Schlenk tube equipped with stir bar, ProDOT(HxDcO)2-Br2 (0.6876 
g, 1.0 eq.), EDOS (0.1580 g, 1.0 eq.), palladium acetate (0.0039 g, 2 mol%), pivalic acid 
(0.033 g, 0.39 eq.), and potassium carbonate (0.2970 g, 2.57 eq.) were added. 8.5 mL (0.2 
M) of DMAc was added to dissolve the contents and the tube was sealed under nitrogen. 
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The reaction mixture was premixed for 2 minutes at ambient temperature. The tube was 
lowered into a hot oil bath with a constant temperature of 140 °C and allowed to stir 
vigorously for 1 hour After the flask was removed from the oil bath and allowed to cool, 
a small amount of CHCl3 was added the polymer dispersion was precipitated into 
methanol and stirred for two hour. The precipitate was filtered into a soxhlet extraction 
thimble and washed via soxhlet with methanol, acetone, and finally dissolved in the 
hexanes fraction. After dissolution from the thimble, the hexanes was removed via rotary 
evaporation and then 30 mL of chloroform was added to the polymer fraction followed 
by ~40 mg of a palladium scavenger (diethylammonium diethyldithiocarbamate) and ~40 
mg of 18-crown-6 and then stirred for 2 hours at 40°C then precipitated into 250 mL of 
methanol. The precipitate was vacuum filtered, using a Nylon pad (with a pore size of 20 
µm) as the filter, and washed with a large volume of methanol and allowed to dry. The 
dried material was collected into a vial and dried under vacuum. The polymer was 
obtained as a dark blue/black solid in 56.0% yield (398 mg) 1H-NMR (500 MHz, TCE-
D2, 100 oC) δ 4.6-4.1 (m, 4H), 3.66 (br, 4H), 3.41 (br, 4H), 1.58-1.10 (m, 58H), 1.02-
0.85 (s, 12H). Anal. calcd. for C47H78O6SSe C 66.40, H 9.25, S 3.77, Found C 64.8, H 









CHAPTER 6. REPEAT UNIT STRUCTURE AND DOPING 
EFFECTS ON THE ELECTRICAL PROPERTIES OF 
DIOXYTHIOPHENE COPOLYMERS  
6.6 Conductivity in Dioxythiophene Polymers 
 The broad electroactive response of the high EDOT content polymers in the 
previously reported ProDOTx-EDOTy (PxEy) series has lead to these materials being 
effective as pseudocapacitive materials for charge storage applications. In Chapter 3 it 
was shown that increasing the EDOT content in the repeat unit of these copolymers 
lowers the onset of oxidation, increases the pseudocapacitance, and lowers the bandgap 
(Eg, opt) of the resulting material. Among these copolymers, ProDOT-EDOT2 (PE2) stands 
out as a soluble PEDOT analog with a vibrant blue charge neutral state that is optically 
indistinguishable from PEDOT and a similarly broad electroactive response.144 As 
PEDOT is electrically conductive when doped,14 it is worth investigating what 
conductivities can be obtained for the soluble PxEy series, as well as the potential of these 
materials, and other like them, for various applications. Two such applications are p-type 
organic thermoelectric (OTE) materials that require highly conductive polymers, and 
transparent polymer electrodes with minimal absorbance in the visible spectrum. For 
OTEs, the electrical conductivity (σ ), Seebeck Coefficient (S), and the thermal 
conductivity (k) all determine the performance of a device and the dimensionless figure 
of merit zT.34 Typically, only σ and S values are measured so the power factor (PF = S2
σ) can be reported while k is assumed to be low for polymers (0.1–1 W/m-K). These 
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thermoelectric properties are strongly correlated so a simultaneous enhancement of σ 
and S is challenging, thereby resulting in low PF and zT values. Nevertheless, significant 
advances have been made - Crispin and coworkers optimized the power factor of 
PEDOT:Tos by controlling its oxidation level with TDAE vapor (σ ~ 70 S/cm, S = 220 
µV/K, resulting in a PF = 339),164 while Pipe and coworkers reduced the dopant volume 
of DMSO-mixed PEDOT:PSS (σ ~ 900 S/cm, S = 70 µV/K, resulting in a PF = 441).165 
On the other hand, transparent electrode materials are simple assessed by their σ, 
transmissivity, and color neutrality.  
 To investigate the electrical properties of the PxEy copolymers, Nickel bis[1,2-
bis(trifluoromethyl)-ethane-1,2-dithiolene] (Ni(tfd)2) was chosen as the initial dopant for 
this study. This is primarily because of its planar structure and the fact that similar metal 
dithiolene complex based dopants, such as Molybdenum tris[1,2-bis(trifluoromethyl)-
ethane-1,2-dithiolene] (Mo(tfd)3), have been shown to be effective in organic electronic 
applications.166,167 Ni(tfd)2 has a reported reduction potential of 0.37 V vs. Fc/Fc+ in 
CH2Cl2, making it a sufficiently strong dopant to remove an electron from all of the 
XDOT polymers in this study168 To the best of my knowledge, Ni(tfd)2 has not 
previously been reported as a dopant for conjugated polymers.  
 
6.7 Experimental Setup 
6.7.1 Polymer Synthesis 
 99 
 ECP-M was prepared via oxidative polymerization127 while poly(ProDOT2-alt-
EDOT) (P2E), poly(ProDOT-alt-EDOT) (PE), poly(ProDOT2-alt-EDOT2) (P2E2), and 
poly(ProDOT-alt-EDOT2) (PE2) were synthesized via direct (hetero)arylation 
polymerization (DHAP), as previously discussed in Chapter 3. Three additional 
polymers, namely poly(ProDOT-alt-dimethylProDOT), poly(ProDOT-alt-PheDOT), and 
poly(ProDOT-alt-EDTT) were prepared via DHAP in the same manner as the PxEy 
series; full synthetic details can be found in section 6.10.2 along with their 1H-NMR 
spectra.  
 
6.7.2 Film Preparation 
 All film preparation and doping procedures were performed in air. Films for σ 
measurements were prepared on glass substrates (500 µm thick) cleaned by sonication in 
toluene, acetone, and then isopropanol. Spray cast films were made from 4 mg/mL 
solutions of the polymer in chloroform using a hand-held airbrush (Iwata-Eclipse HP-BC, 
15 psi). Spin coated films were cast from a 30 mg/mL solution at 650 rpm using a Laurell 
(Model WS-650MZ-23NPP) spin coater. Blade coated films were prepared using a 
Zehntner Testing Instruments blade coater (ZAA 2300) with an absolute blade height of 
750 µm at variable speeds due to the different viscosity of the polymer solutions. For 
electrical measurements, four gold contact pads (1mm × 1mm, ~ 100 nm thick) were 
deposited on the prepared films using a shadow mask in an e-beam evaporator. The 
thickness of each polymer film (typically 300-600 nm) was determined after σ and S 
measurements via profilometry using a Bruker DektakXT profilometer. 
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6.7.3 Doping and Measurements Methods 
 Ni(tfd)2169 and Mo(tfd)3170 were prepared by Dr. Raghunath Dasarias previously 
described. All other dopants were obtained from commercial sources  and used without 
further purification. The structures of the dopants/anions used are shown in Scheme 6.1. 
Silver (Ag+) based dopants were kept in the dark and stored/weighed out in a glovebox to 
extend their shelf life. Initially, solution doping of the polymers dissolved in 
chlorobenzene prior to casting films was attempted. However, only ECP-M and P2E 
remained in solution when the dopant was added, with the other polymers turning gray 
and crashing out of solution. The metal dithiolene dopants were dissolved in n-heptane at 
10 mg/mL and films were immersed in these solutions (open to air) for either 10 seconds 
(for optical measurements) or 10 minutes (for electrical measurements) for dip doping. 
The films were then washed with clean n-pentane and allowed to air dry. The silver and 
iron based dopants were dissolved at 30 mg/mL in dry propylene carbonate (PC) and the 
films were immersed in these solutions (open to air) for 10 minutes unless otherwise 
noted. The films were then washed with clean PC and methanol and allowed to air dry.  
 

























































6.7.4 Electrical Conductivity and Seebeck Coefficient Measurements 
 Electrical conductivity measurements were performed as previously 
reported16,17,18 using an in-house measurement setup. Micromanipulators with tungsten 
tips were used to make electrical contact to the gold contact pads, and sheet resistance 
was acquired based on the four-probe Van der Pauw technique. From this, the electrical 
conductivity was obtained using thickness values measured via profilometry. For 
Seebeck coefficient measurements, the film was suspended between two temperature-
controlled Peltier stages (separated ~3 mm), and a series of temperature differences upto 
ΔT = 10 °C were applied between the stages.  The thermoelectric voltage was measured 
between two contact pads on separate stages using the probe tips, while the temperature 
of each stage was measured with a K-type thermocouple in close proximity to the probe 
tips.  Voltage and temperature data were acquired using a Keithley 2700 DMM with a 
7708 Mux card via a LabVIEW interface. The Seebeck coefficient was extracted as the 
slope of the V - ΔT plot. In order to obtain temperature-dependent propeties, the Peltier 
stage temperature was changed from 20 – 100 °C using temperature controllers (Model 
LFI-3751). In all cases, thermal grease was applied on the backside of the substrate to 
ensure good thermal contact with the Peltier stage. Multiple films were measured to 
capture sample-to-sample variation; this is reported as the standard deviation and 





6.8 Solution Doping of the ProDOTx-EDOTy Series 
  Films of the polymers were spray cast (~250-400 nm) to a transmittance of 
approximately 10% on glass and dipped into solutions (PC or n-heptane) of dopant for 10 
minutes. Doping the XDOT polymers with Ni(tfd)2 resulted in a dramatic and almost 
instantaneous color change from the vibrant as-cast states of the polymers to color neutral 
oxidized states that are highly transmissive in the visible region, as seen in Figure 6.1a 
and 6.1b. It should be noted that the copolymers are already slightly oxidized in the as-
cast state, as seen by the polaronic absorbance around 900-1000 nm in Figure 6.1a, due to 
the low onset of oxidation of these polymers, as listed in Table 6.1. The films of these 
polymers can be can be converted to the undoped form by either electrochemical methods 
or treatment with hydrazine. However, we believe it is most useful to study how these 
materials doped from the as-cast form rather than adding other chemical treatment steps. 
In the oxidized spectra, the peaks that appears at ~820 nm are due to the [Ni(tfd)2]- anions 






Figure 6.1. a) Transmittance spectrum of spray cast films of the polymer series in 
the as-cast and Ni(tfd)2 doped state and b) the corresponding photographs of the 
films. 
 
 In the as-cast form (undoped or partially air doped) all of these polymers have σ 
values below 10-6 S/cm (the limit of detection for the experimental setup). Upon doping 
the polymers with Ni(tfd)2 the conductivity increases to 10-3 S/cm for ECP-M and 
between 1-3 S/cm for the EDOT containing polymers; this is over a  six orders-of-
magnitude increase in conductivity by doping. As listed in Table 1, the electrical 
conductivity of the PxEy series show that, like the previously mentioned 
pseudocapacitance, there is a trend based on the EDOT content in the repeat unit.1, 2 
Incorporation of a biEDOT unit causes a larger increase in conductivity than a single 
EDOT unit even though the overall amount of EDOT in the repeat unit (50%) remains 
constant. This same observation was previously made for other properties (e.g. Eg, opt) of 
these polymers. There is not an apparent trend between the molecular weights and 
conductivity of the polymers, suggesting that the difference in conductivity is due to the 
repeat unit structure. This is understandable as soluble dioxythiophene based polymers 
are typically amorphous and other properties of these systems (e.g. λmax or electrochromic 
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contrast) do not show molecular weight dependencies above a certain point, which is 
unique for each polymer (~ 8 kDa for ECP-M).19-21 The Seebeck coefficients for all of 
these polymers are similar, with P2E having the highest value of 35 μV/K. We were 
unable to reliably measure the S value for doped ECP-M, potentially due the large 
resistances of these films.  
 
Table 6.1. Molecular weight information and oxidation potentials of the PxEy 
polymer series and the electrical conductivities and Seebeck coefficients of the PxEy 







σ of doped polymer 
films (S/cm)b 
S of doped polymer 
films (µV/K) b 
ECP-M 12 1.8 0.08 1.2x10-3 ± 0.1 x10-3 Not measured 
P2E 15 2.0 -0.35 1.1 ± 0.1 35 ± 0.9 
PE NA NA -0.36 1.3 ± 0.2 18 ± 1 
P2E2 14 4.5 -0.63 1.9 ± 0.2 20. ± 0.3 
PE2 56 1.8 -0.75 2.9 ± 0.3 27 ± 0. 2 





6.9 Understanding the Roles of Steric Interactions and Electron Density 
The significant increase in σ when adding a small amount of EDOT (33%) to the repeat 
unit of ECP-M to make P2E, is of particular interest as the further increase in σ with 
EDOT concentration to PE2 (67%) is more gradual. To study this phenomenon, three new 
polymers were prepared that have clear structural similarities and differences to ProDOT 
and EDOT, as outlined in Scheme 6.2. First, the soluble ProDOT unit was copolymerized 
with dimethyl ProDOT (DMP) via DHAP, forming ProDOT-DMP. This is essentially 
ECP-M with half of the solublizing chains removed. When doped in the same manner, a 
two orders-of-magnitude increase in conductivity is seen, to 0.38 ± 0.04 S/cm. This 
indicates that the removal of some amount of side chains can significantly increase σ, 
which is as expected since alkyl chains add insulating material and may disrupt π- π 
stacking, thereby limiting hopping type transport. Next, reducing the steric interactions 
between the two ProDOT rings and slightly increasing the electron denisty on the 
thiophene by substitution of DMP with EDOT leads to a futher increase in conductivity 
to 1.3 S/cm. Then, maintaining the same steric interactions, the electron density on the 
thiophene ring can be greatly reduced by exchanging the EDOT for a 3,4-
phenylenedioxythiophene (PheDOT) unit that we have previously studied. The reduction 
in electron density is due to the delocalization of the lone pairs in the dioxane ring into 
both the thiophene and the phenylene rings, as opposed to only the thiophene ring with 
EDOT.22 This causes a nearly two orders-of-magnitude deacrease in conductivity to 
0.054 ± 0.002 S/cm, indicating the importance of maintaining a high electron density on 
the thiophene rings. Futhermore, it can be speculated that monomers with even greater 
electron richness, such as dioxypyrroles and dioxyselenophene, may be useful for 
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achieving high σ. Finally, substitution of the oxygens for sulfurs in the dioxane ring of 
EDOT, making 3,4-ethylenedithiothiophene (EDTT), does not reduce the electron 
richness (as sulfur is a better π donor than oxygen) or change the steric interactions from 
the size of the ring, but replaces the energetically favorable and planarizing sulfur-oxygen 
interaction with repulsive sulfur-sulfur interactions.23,24 This causes a large twisting 
between the ProDOT and EDTT rings and reduces the conductivity to 0.088 ± 0.006 
S/cm, sugesting that, as expected, planarity between rings is important for electrically 
conductivity in conjugated polymer systems. Sumarizing these design criteria: side chains 
should be remove when possible, electron richness should be high, steric interactions 
should be minimized, and rings must be made coplanar (potentially through 
“conformational locking”). With these considerations in mind, the higher σ seen when 
using a biEDOT unit can be explained. BiEDOT is one of the most electron rich 
monomers used in organic electronics and is known to have a planar geometry (from x-
ray crystal structures).25 Additionally, the oxygens in biEDOT can interact with the sulfur 
atoms in the ajacent ProDOTs, and vice versa, leading to minimal twisting between rings 
and the low band-gap seen in this polymer. 
 
Scheme 6.2. Structures of new copolymers and their relationship to ECP-M and PE 
with corresponding conductivity values. (Ponder to change figure to look less like 
reactions). 
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6.10 Optimization of Film Casting Method 
 The film casting method was then investigated to determine its role in tuning 
conductivity. Of the many film casting methods available two roll-to-roll compatible 
methods, spray coating and blade coating, were compared along with spin coating. As 
previously discussed, spray cast films of PE2 doped with Ni(tfd)2 yield a σ of 2.9 ± 0.3 
S/cm. Spin coated film yielded slightly higher σ values of 3.8 ± 0.8 S/cm. while blade 
coated films yielded the highest values with a σ of 4.7 ± 0.7 S/cm. This is largely due to 
the smoothness of the films prepared from each method. The smoother films produced 
from blade coating allows for more conductive pathways through the bulk of the film. 
Another manifestation of this was previously observed for ECP-M, with spin and blade 
coated films requiring a larger charge to switch and having a higher contrast compared to 
spray coated films due to less of the polymer being electronically isolated in the peaks of 
the relatively rough morphology.12  
 
6.11 Dopant Optimization 
 Using this optimized casting method for PE2, various dopants were tested and the 
thermoelectric properties were compared, as seen in Figures 2 a-c. Mo(tfd)3 was selected 
as another metal dithiolene dopant due to its previously mentioned use in organic 
electronics. However, use of this dopant with PE2 did not result in a high σ (0.43 ± 0.22 
S/cm), potentially due to the large size of the dopant limiting penetration into the film. 
Iron(III) and Ag(I) based dopants were then investigated due to their relatively low cost, 
commercial availability, and previous usage in doping conjugated polymer films to 
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achieve high σ values.26 Ferric triflate (Fe(OTf)3), ferric perchlorate (Fe(ClO4)3), and 
ferric tosylate (Fe(tos)3) all demonstrated significantly increased conductivity values of 
49 ± 4, 76 ± 17, and 91 ± 14 S/cm, respectively. Similar to the iron dopants, silver 
bis(trifluoromethylsulfonyl)amide (AgBTI) and silver triflates (AgOTf) demonstrated 
increased σ values of 30 ± 9 and 98 ± 13 S/cm, respectively. This conductivity of PE2 
doped with BTI is slightly higher than regioregular P3HT doped with the same anion.27 
 AgPF6 doped films yielded exceptionally high σ values of 255 ± 48 S/cm. This is 
not surprizing as PF6 doped PEDOT has a reported conductivity of 300 S/cm.28 The large 
difference in σ from doping with different silver dopants indicates that the anion size and 
shape plays a significant role in the resulting properties of the film. No obvious trend was 
observed in the Seebeck values and the large changes in σ controlled the PF (as seen in 
Figure 2c), with AgPF6 doped films having a values of 7.2 μW/m-K2. 
 
 
Figure 6.2. a) Electrical Conductivity, b) Seebeck, and c) Power Factor values of 
doped blade coated PE2 films using various dopants. 
 
 109 
 Interestingly, this optimized set of conditions is specific to PE2, with ProDOT-
DMP having a σ of 0.11 ± 0.06 S/cm when cast and doped using the same conditions, a 
reduction of the initial the value of 2.9 ± 0.3 S/cm Ni(tfd)2 dopant. This demonstrate that 
optimization must be performed for each new polymer and dopant in order to obtain the 
maximum conductivity for a given polymer and simply using a method described in the 
literature for another system will not necessarily result in meaningful/useful data. 
6.12 Doping Level Optimization and Quantification of Doping 
 The final component for the conductivity optimization of PE2 is tuning the doping 
level by changing the dopant concentration and/or doping time. Three solutions of 
AgPF6/PC were prepared at various concentrations and the doping time was varied from 
10 minutes to 2 hours, as listed in Table 2. The results were initially surprising as there is 
only a slight change in σ values as we vary dopant concentration. Moreover, given the 
error bars and rage of conductivity for all these samples, , as seen in Figure S2(except for 
the 10s doping experiment), there is not a statistical difference between these values. A 
somewhat larger change is seen in the S and PF values, but without a clear trend. X-ray 
photoelectron spectroscopy (XPS) measurements were performed on these films to 
elucidate the extent of doping. The sulfur to fluorine ratios, shown in Table 2, show 1 to 1 
ratio for all doping conditions, indicating one PF6- anion per six rings (or two repeat 
units) in the polymer backbone. The sulfur to phosphorous ratio, seen in Table S1, has a 
larger variation, with values between 1:8 and 1:3. This difference is likely due to the 
relatively low amount of phosphorous in the film leading to less acurate ratios. It should 
be noted that there is silver metal (Ag0) left on the surface of the film after doping, 
although this obviously does not contribute greatly to the large conductivity seen as both 
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AgOTf and AgBTI leave residual silver in the same manner but produce much lower 
conductivity films.  
 
Table 6.2. Conductivity and Seebeck as functions of dopant concentration and 





σ of doped polymer 
films (S/cm) 





1.2x10-3 M (0.30 
mg/mL) 
10 min 195 ± 24 19.8 ± 1.0 7.6 1:1 
1.2x10-2 M (3.0 
mg/mL) 
10 min 233 ± 17 15.4 ± 3.4 5.6 1:1 
1.2x10-1 M (30. 
mg/mL) 
10 s 239 ± 11 17.1 ± 2.4 7.0 1:1 
1.2x10-1 M (30. 
mg/mL) 
10 min 255 ± 48 16.8 ± 0.2 7.2 1:1 
1.2x10-1 M (30. 
mg/mL) 
2 hrs 219 ± 15 11.9 ± 0.3 3.1 1:1 
 
6.13 Testing of PE2 as a Transparent Electrode for ECP Switching 
 Considering the other discussed application, PE2 was tested as a transparent 
electrode material. A film of PE2 was spray cast onto ITO glass and doped with 
Fe(ClO4)3 as previously described. As seen in Figure 6.4a and previously in Figure 6.1, 
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PE2 is in the partially oxidized state upon casting and becomes transmissive and color 
neutral (shown in Figure 6.4b) when doped. This in itself is useful for solid state 
applications, but further study is need to determine the use of this material as an electrode 
in a redox active setup (e.g. electrochromic or supercapacitor devices. In a three-electrode 
cell the doped film can be electrochemically reduced to the charge neutral state (at -1.0 V 
vs, Ag/Ag+), showing that the chemical doping process is reversible. Switching this 
polymer over the smaller electrochemical window of 0.0 to 1.0 V (as seen in Figure 6.4 
and Figure 6.5) does not lead to a color change, with the electrochemical bleaching 
process occurring between -1.0 and -0.2 V. The spectra shown in Figure 6.4a and the 
colorimetry and photos in Figure 6.4b demonstrate the transmissive and colorless nature 
of this material over a broad electrochemical window. Combining this with the high 
electrical conductivity of the doped films makes this a promising material for redox 
active optical applications.  
 
 
Figure 6.4. a) Spectra of PE2 as cast, after solution doping, and at several potentials 
in an electrochemical cell (using 0.5M TBAPF6/PC as the electrolyte) and b) a 
colorimetry plot with photos corresponding to the spectra. 
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Fig. 6.5 Chronoabsorptiometry with photos of PE2 switching between 0.0 and 1.0V 
followed by switching between -1.0 and 1.0V in 0.5M TBAPF6/PC. 
 
 In order to test the actual use of this material in a redox active setup, a PE2 was 
prepared and doped in the same manner as the previous experiment but on a non-
conductive glass as the substrate.  On top of the doped PE2 a film of ECP-M was spray 
cast from THF. THF was used here, as this batch of PE2 was only soluble in chlorinated 
solvents while ECP-M can be dissolved in THF or toluene. In the spectra of the as-cast 
ECP-M on PE2, only the ECP-M absorption profile can be observed. After an initial 
electrochemical switching between -0.2 and 0.8 V, the charge neutral peak of ECP-M 
appears with the typical vibronic features and vibrant magenta/purple color seen in 
Figures 6.6a and 6.6b, respectively, when the potential is set at -0.2 V. When the 
potential is changed to 0.8 V the visible absorption of the ECP-M is bleached (ΔT = 
48%) and the film becomes color neutral, as shown in Figure 6.6b. As seen in Figure 6.7, 
this switching is reversible, albeit somewhat slowly compared to using an ITO electrode 
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due to the lower conductivity of doped PE2. Nevertheless, this is a proof-of-concept that 
doped PE2 can be used as a transparent electrode.  
 
 
Figure 6.6. a) Spectra of ECP-M as cast and after electrochemical switching (using 
0.5M TBAPF6/PC as the electrolyte) on a doped PE2 electrode and b) a colorimetry 
plot with photos corresponding to the spectra. 
 
 
Figure 6.7. Chronoabsorptiometry of ECP-M on a doped PE2/glass electrode 
switched in 0.5M TBAPF6/PC. 
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6.14 Conclusion 
 In summary, through structural manipulation of the polymer repeat unit, the 
conductivity of dioxythiophene polymers was tuned from 1.2x10-3 S/cm to 2.9 S/cm. 
New XDOT copolymers were used to understand the structural requirement for high 
electrical conductivity in soluble XDOT copolymers and establish initial design rules. 
Optimization of the film casting method resulted in a doubling in the conductivity of PE2 
when using blade coating as opposed to spray casting. Screening of eight dopants resulted 
in PE2 doped with PF6 ions, approximate one per six rings, having an electrical 
conductivity of 255 S/cm; this indicates potential for these materials in various 
applications, including organic thermoelectrics. Spray cast films of PE2 were doped using 
Fe(ClO4)3 and assessed as a transparent electrode material. A film of ECP-M was cast on 
one of these polymer electrodes and showed reversible electrochemical switching from a 
colored neutral state to a color neutral oxidized state. These results show that XDOT 
based polymers are a promising class of materials for thermoelectric and electrode 
applications. Further developments in the backbone structure along with side chain tuning 
and doping must be investigated in order to increase the conductivity even higher to 
obtain larger power factor values and for more effective transparent polymer electrodes.  
 
6.15 Additional Experimental Details 
6.15.1 Materials 
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 EDTT-Br2,151 ProDOT-Br2,43 PheDOT,22 and DMP 171 were prepared as described 
in the literature and confirmed using 1H NMR and GC-MS (except for ProDOT-Br2). The 
PxEy series was prepared as described in Chapter 3. 
6.15.2 Polymer Synthesis 
ProDOT-EDTT 
To a 38 mL Schlenk tube equipped with stir bar, EDTT-Br2 (0.5222 g, 1.0 eq.), ProDOT 
(0.6928 g, 1.0 eq.), palladium acetate (0.007 g, 2 mol%), pivalic acid (0.049 g, 0.3 eq.), 
and potassium carbonate (0.540 g, 2.5 eq.) were added. 16 mL of DMAc was added to 
dissolve the contents and the tube was sealed under argon. The reaction mixture was 
premixed for 2 minutes to ensure everything dissolved. The tube was lowered into an oil 
bath and heated to 140 °C and allowed to stir vigorously overnight (~14 hours). After the 
flask was removed from the oil bath and allowed to cool to room temperature, the 
polymer was precipitated into methanol and stirred for one hour. The precipitate was 
filtered into a soxhlet extraction thimble and washed with methanol, acetone, and finally 
dissolved into hexanes. The washings were conducted until color was no longer observed 
during extraction. After dissolution from the thimble, the chloroform was removed via 
rotary evaporation. Then ~50 mL of chloroform was added followed by ~20 mg of a 
palladium scavenger (diethylammonium diethyldithiocarbamate) and ~20 mg of 18-
crown-6 and then stirred for 2 hours at 50 °C then precipitated into 250 mL of methanol. 
The precipitate was vacuum filtered, using a Nylon pad (with a pore size of 20 µm) as the 
filter, and washed with a large volume of methanol and allowed to dry. The dried 
material was collected into a vial and dried under vacuum. The polymer was obtained as 
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a red/orange solid in 17% yield (160 mg). 1H-NMR (700 MHz, C2D2Cl4, 50 oC) δ 4.24 
(br, 4H), 3.59 (br, 4H), 3.34 (br, 5H), 1.44-1.25 (br), 1.93 (br). Anal. calcd. for 
C31H46O4S4 C 60.94, H 7.59, S 20.99, Found C 58.42, H 7.00, S 22.25. Mn = 9.4 kDa, Đ 




To a 38 mL Schlenk tube equipped with stir bar, ProDOT-Br2 (0.867 g, 1.0 eq.), PheDOT 
(0.275 g, 1.0 eq.), palladium acetate (0.007 g, 2 mol%), pivalic acid (0.046 g, 0.3 eq.), 
and potassium carbonate (0.507 g, 2.5 eq.) were added. 14.5 mL of DMAc was added to 
dissolve the contents and the tube was sealed under argon. The reaction mixture was 
premixed for 2 minutes. The tube was lowered into an oil bath and heated to 140 °C and 
allowed to stir vigorously overnight (~14 hours). After the flask was removed from the 
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oil bath and allowed to cool to room temperature, the polymer was precipitated into 
methanol and stirred for one hour. The precipitate was filtered into a soxhlet extraction 
thimble and washed with methanol, acetone, and finally dissolved into hexanes. The 
washings were conducted until color was no longer observed during extraction. After 
dissolution from the thimble, the chloroform was removed via rotary evaporation. ~50 
mL of chloroform was added followed by ~20 mg of a palladium scavenger 
(diethylammonium diethyldithiocarbamate) and ~20 mg of 18-crown-6 and then stirred 
for 2 hours at 50 °C then precipitated into 250 mL of methanol. The precipitate was 
vacuum filtered, using a Nylon pad (with a pore size of 20 µm) as the filter, and washed 
with a large volume of methanol and allowed to dry. The dried material was collected 
into a vial and dried under vacuum. The polymer was obtained as a dark red solid in 99% 
yield (902 mg). 1H-NMR (700 MHz, C2D2Cl4, 50 oC) δ 7.08 (br, 4H), 4.24 (br, 4H), 3.75 
(m, 4H), 3.38 (br, 4H), 1.52-1.22 (br), 1.15-0.84 (br). Anal. calcd. for C35H46O6S2 C 






To a 38 mL Schlenk tube equipped with stir bar, ProDOT-Br2 (0.8117 g, 1.0 eq.), 
ProDOT-Me2 (0.2500 g, 1.0 eq.), palladium acetate (0.007 g, 2 mol%), pivalic acid 
(0.047 g, 0.3 eq.), and potassium carbonate (0.4707 g, 2.5 eq.) were added. 13.5 mL of 
DMAc was added to dissolve the contents and the tube was sealed under argon. The 
reaction mixture was premixed for 2 minutes. The tube was lowered into an oil bath and 
heated to 140 °C and allowed to stir vigorously from overnight (~14 hours). After the 
flask was removed from the oil bath and allowed to cool to room temperature, the 
polymer was precipitated into methanol and stirred for one hour. The precipitate was 
filtered into a soxhlet extraction thimble and washed with methanol, acetone, and finally 
dissolved into hexanes. The washings were conducted until color was no longer observed 
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during extraction. After dissolution from the thimble, the chloroform was removed via 
rotary evaporation and then ~50 mL of chloroform was added followed by ~20 mg of a 
palladium scavenger (diethylammonium diethyldithiocarbamate) and ~20 mg of 18-
crown-6 and then stirred for 2 hours at 50 °C then precipitated into 250 mL of methanol. 
The precipitate was vacuum filtered, using a Nylon pad (with a pore size of 20 µm) as the 
filter, and washed with a large volume of methanol and allowed to dry. The dried 
material was collected into a vial and dried under vacuum. The polymer was obtained as 
a metallic looking purple solid in 88% yield (745 mg). 1H-NMR (700 MHz, C2D2Cl4, 50 
oC) δ 4.19 (br, 4H), 3.88 (br, 4H), 3.64 (br, 4H), 3.36 (br, 4H), 1.48-1.23 (br), 1.17 (s, 
4H), 0.98-0.85 (br). Anal. calcd. for C34H52O6S2 C 65.77, H 8.44, S 10.33, Found C 





 The 1H-NMR (64 scans) spectra were collected on a Bruker ASCEND 700 MHz 
instrument using C2D2Cl4 as a solvent at a temperature of 323K. The molecular weight 
and dispersity of ProDOT-EDTT was obtained using a THF GPC at 35°C calibrated vs. 
polystyrene standards. The molecular weight and dispersities of ProDOT-DMP was 
obtained using a CHCl3 GPC at 35°C calibrated vs. polystyrene standards. The 
electrochemical measurements on films were performed in a three-electrode cell setup 
using a Ag/Ag+ reference electrode (10 mM AgNO3 in 0.5 M TBAPF6-ACN, E1/2 for 
ferrocene: 68 mV) and the counter electrode was a platinum flag. The cyclic voltammetry 
was performed on an EG&G PAR (model 273A) potentiostat/galvanostatic under 
CorrWare control. Spectroelectrochemistry and chronoabsorptiometry were measured 
using an Agilent Technologies Cary 5000 UV-Vis-NIR Spectrophotometer under Cary 
WinUV control and a EG&G PAR (model 263A) potentiostat/galvanostatic under 
CorrWare control. X-ray photoelectron spectroscopy (XPS) was conducted using a 
Thermo Scientific instrument with a monochromatized Al K-α source (1486 eV).  The 
base pressure of the measurement chambers was kept below 10-8 torr and all 
measurements were taken at room temperature.  The elliptical spot used to irradiate the 





CHAPTER 7. CONJUGATED POLYELECTROLYTES AS 
WATER PROCESSABLE PRECURSORS TO AQUEOUS 
COMPATIBLE REDOX ACTIVE POLYMERS FOR DIVERSE 
APPLICATIONS: ELECTROCHROMISM, CHARGE STORAGE, 
AND BIOCOMPATIBLE ORGANIC ELECTRONICS  
 
Adapted from:  
Ponder, J., F.; Österholm, A., M.; Reynolds, J. R. Conjugated Polyelectrolytes as Water 
Processable Precursors to Aqueous Compatible Redox Active Polymers for Diverse 
Applications: Electrochromism, Charge Storage, and Biocompatible Organic Electronics. 
Chemistry of Materials 2017, 29, 4385−4392 
 
7.1 The Importance of Aqueous Processing and Compatibility 
 Electroactive polymers have become increasingly important in the field of organic 
electronics, especially with the emergence of organic bioelectronics that makes use of the 
ability of these polymers to transport both electrons and ions.172,173 While many 
applications, such as ECDs174,175 and SCs99,101, have advanced significantly over the past 
decade as a result of extensive material and device development, other applications, 
especially those that rely on aqueous compatible materials (i.e., a material that is redox 
active but not soluble in aqueous electrolytes) have seen slower progress. Two such areas 
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are biologically compatible organic electrochemical transistors (OECTs) for neural 
signaling and redox controlled drug release. Both of these applications require redox 
active polymers that can be reversibly doped and dedoped in aqueous media. Similarly, 
ECDs and SCs incorporating nonflammable and nontoxic aqueous electrolytes would be 
safer for research and development as well as disposable consumer products. These 
applications will also benefit from the increased ionic mobility and conductance of 
aqueous electrolytes (relative to organic electrolytes) as it relates directly to how fast 
these devices switch color and charge/ discharge. Additionally, processing the redox 
active films from water has considerable advantages, particularly the lack of toxic fumes.  
 
7.2 Previous Methods to Achieve of Aqueous Solubility and/or Compatibility 
 Over the past decade the field of CPs has been moving away from 
electropolymerization as a deposition method to soluble polymers that can be 
characterized with a broader range of techniques (e.g., NMR, GPC, viscometry, etc.) and 
processed using a variety of roll-to-roll compatible methods. Solubility in CPs is typically 
achieved by functionalizing the polymer backbone with long, nonpolar hydrocarbon- 
based (alkyl) chains that provide high solubility in organic solvents due to increased 
conformational entropy and, as a result, ease their isolation and purification. To achieve 
aqueous compatibility, the surface polarity of the polymer film must be modified to 
reduce the hydrophobic nature imparted to the film by the alkyl side chains. One 
embodiment of this concept is the incorporation of glycol-based side chains onto a 
conjugated backbone that, while not typically providing aqueous solubility, are 
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sufficiently hydrophilic to allow for redox switching in aqueous media. This was recently 
demonstrated in a study by Nielsen et al., where organic soluble triethylene glycol 
functionalized polymers were found to be effective in OECTs, with accumulation mode 
devices (i.e., a device that is OFF at zero gate voltage) yielding higher transconductance 
values, the main figure of merit for OECTs, than PEDOT:PSS depletion mode devices 
(i.e., a device that is ON at zero gate voltage).176 In spite of these excellent results, the 
above-mentioned polymer family demonstrates the poor organic and aqueous solubility 
often seen in CPs with glycol-based side chains, with only two of the five polymers 
prepared being sufficiently soluble for GPC molecular weight estimation. From this 
example we can see that glycol-functionalized polymers, while useful and worth 
continued investigation, are not a universal solution for obtaining aqueous compatibility 
and, furthermore, do not necessarily provide aqueous solubility. The limited solubility in 
organic solvents that is provided by these side chains also reduces the number of possible 
repeat unit structures that can be used, which in turn limits our ability to tune redox and 
color properties.  
 An approach to induce water solubility is to synthesize conjugated 
polyelectrolytes (CPEs) that have ionic functionalities (such as sulfonates) tethered to the 
backbone of, e.g., thiophene, EDOT, and pyrrole- based polymers.177−180 However, the 
main issue with CPEs is that films of these polymers can redissolve in aqueous 
electrolytes, limiting their aqueous electrolyte compatibility. One way to circumvent 
dissolution is to immobilize the active polymer with a redox inactive cross-linker, such as 
3-glycidyloxypropyl trimethoxysilane (GOPS), to render the film insoluble in water.181 
While it is an effective approach to stabilize PEDOT:PSS or other CPEs in aqueous 
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electrolytes, the addition of, e.g., GOPS does influence the redox properties of the CP,181 
most likely as a result of the lower ionic mobility in cross-linked films.  
7.3 Outline of the Route to Water Soluble/Solvent Resistant Conjugated Polymers 
 In this chapter, a method144,182 is adapt for the preparation of a conjugated 
polymer with ester-based side chains that has high solubility in common organic solvents 
resulting in a material that is easily purified and fully characterized using standard 
methods (NMR, GPC, etc.) and then hydrolyzed to allow for aqueous processing. This is 
followed by a mild acid wash to render the polymer films solvent resistant (SR) and 
allow for redox switching in both organic and aqueous electrolyte solutions. While this 
method was previously used for aqueous processing and switching of nonoptimized 
ECPs, here we explore the scope and versatility of this method for a broader range of 
applications requiring redox activity.  
 As a key synthon, a ProDOT monomer was synthesized bearing multiple alkyl 
ester-based side chains having the carbonyl side of the ester closest to the propylene 
bridge. Using this design, upon hydrolysis, the carboxylate that is formed is covalently 
attached to the polymer backbone.182 The ester-functionalized monomer is brominated 
and then polymerized with a heteroaryl dihydrogen species (specifically EDOT) using 
DHAP conditions to yield an organic soluble (OS) polymer that can be dissolved in 
common solvents including THF, toluene, and chloroform. Following purification of the 
OS-polymer, typical characterizations were performed to confirm the repeat unit structure 
and estimate molecular weight. As previously mentioned, the side chains that impart 
organic solubility and processablility are normally hydrocarbon-based and therefore 
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hydrophobic and do not provide aqueous solubility. This is illustrated in Scheme 7.1 (top 
left), where the OS-polymer selectively dissolves in chloroform and films of this polymer 
have relatively high contact angle (91.7 ± 1.0°) with water. The hydrophobic character 
prevents hydrated electrolyte ions from penetrating into the film upon redox cycling 
thereby inhibiting counterion insertion and electrochemical doping of the CP in aqueous 
media.183 In order to overcome this hydrophobicity, the ester side chains were hydrolyzed 
to the corresponding CPE, and the polymeric carboxylate salt was found to dissolve in 
water (up to 10 mg/mL) due to the strong ion−dipole interactions between the 
carboxylates and water. As illustrated in Scheme 7.1 (top right), the water-soluble (WS) 
polymer can be cast using various methods to form films that can be further protonated 
via a dilute acid wash. The resulting film, now bearing carboxylic acid side chains, is 
insoluble in both organic and aqueous media and is termed solvent resistant (SR). The 
polar carboxylic acids on the surface, and in the bulk, of the film results in a hydrophilic 
surface with a low contact angle (29.2 ± 4.1°) that does not repel solvated ions and is 
capable of redox switching in both organic and aqueous media. However, if processing 
from organic solvents is required but aqueous compatibility is desired, the OS-polymer 
can be hydrolyzed in the solid state to produce the ionic polymer film and then acid 
treated to obtain the SR version.44 Here, we demonstrate the versatility of this material 
and method by evaluating the SR-polymer in various aqueous-based electrolytes and 




Scheme 7.1. General overview of the conversion of an organic soluble polymer (OS-
Polymer) to the water-soluble CPE form, followed by acid treatment to a solvent 
resistant (SR-Polymer) and aqueous/organic compatible film along with images and 
contact angle measurements of the OS-Polymer and SR-Polymer discussed in this 
chapter.  
 
7.4 Synthesis of the ProDOT-EDOT Model System 
 In this study, a poly(ProDOT-alt- EDOT) (PE) repeat unit structure was chosen as 
we have previously discussed in Chapter 3 how structures of this basic composition are 
suitable for both EC and charge storage applications.144,184 The OS form of the polymer 
(OS-PE) was prepared via the DHAP (Figure 7.1) of EDOT and a functionalized 
dibromo-ProDOT monomer bearing ester side chains using standard conditions 
previously reported.72 The polymer was purified using Soxhlet extraction, with the 
polymer dissolving in the chloroform fraction in excellent yield (94.4%) with a number-
average molecular weight of 25 kDa (Đ = 2.8). The structure was confirmed via 
elemental analysis and high-resolution NMR (as shown in the synthetic details). A 
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portion of this polymer was hydrolyzed by refluxing the solid in a solution of KOH in 
methanol to convert it to the CPE form. As the methanol insoluble OS-PE is hydrolyzed, 
the solid polymer disperses into a fine powder as the side chains are removed. After 
filtering, washing, and drying, the polymer was found to selectively dissolve in water and 
to be insoluble in chloroform, as shown in Scheme 7.1.  
 
 
Figure 7.1. Synthetic route from monomers to the final solvent resistant polymer 
film.  
 
7.5 Comparing Redox Behavior of Organic Soluble and Solvent Resistant Polymer 
Films in Organic Electrolytes 
 As shown in Figure 7.2, both the OS and the SR form of the polymer are 
electroactive in a PC-based electrolyte, but, more importantly, this figure also 
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backbone but also by the side chains as we observe large differences in the CVs that are 
directly related to the side chain cleavage. It is important to recall here that the backbone 
and degree of polymerization are identical for the two polymers as one is a precursor of 
the other. As expected from a polymer containing a substantial fraction of EDOT 
moieties in the repeat unit, the OS-PE has a low onset of oxidation determined by DPV to 
be −0.55 V relative to Fc/Fc+ (shown in Figure 7.3a).144 This is approximately the same 
onset of oxidation measured for the previously reported73,144 polymers with the same 
conjugated backbone, but bearing 2-ethylhexyl (−0.54 V vs. Fc/Fc+) or 2-hexyldecyl 
(−0.48 V vs. Fc/Fc+) side chains (as shown in Figure 7.3b). The SR form, bearing the 
shortest side chains (film cast from water, then treated with 1 M pTSA/methanol), 
exhibits similar peak current but has an onset of oxidation that is 0.21 V lower (−0.76 V 
vs. Fc/Fc+) than the OS form. This lower onset of oxidation results in the SR polymer 
having a broader electroactive window than not only the OS form but also the previously 
reported 2-ethylhexyl or 2-hexyldecyl functionalized analogues of the same polymer, 
indicating that the role of side chains on redox property tuning may be more intricate than 
generally thought. The lower oxidation potential of SR-PE is likely the result of a 
decrease in the steric bulk that occurs when we cleave the large ethylhexyl chains and 
replace them with protons. We do not observe a change in the oxidation potential of OS-
PE that has been treated with pTSA/methanol, ruling out the possibility that the lower 
oxidation potential is purely due to solvent annealing or acid doping effects. The fact that 
the SR form can maintain a high current density throughout a larger electroactive window 
directly translates into a higher film capacitance, a property that is important not only for 
charge storage applications but also biosensors and OECTs.  
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Figure 7.2. Cyclic voltammograms of drop cast films of the OS-polymer (purple 
line) and the SR-polymer (red line) on glassy carbon electrodes in 0.5 M LiBTI/PC 
at a scan rate of 50 mV/s.  
 
Figure 7.3. DPV curves of a) the OS-PE and SR-PE and b) the 2-ethylhexyl 
(ProDOT(EH)-EDOT) and 2-hexyldecyl (ProDOT(HD)-EDOT) functionalized 
polymers on glassy carbon electrodes in 0.5 M LiBTI/PC vs. Fc/Fc+. 
7.6 Redox Behavior of the Solvent Resistant Polymer in Aqueous Electrolytes 
 As a result of the hydrophilic nature of the SR-PE, it is also highly electroactive in 
aqueous electrolytes of neutral or low pH, as shown in Figure 7.4a for both LiBTI/H2O 
and salt water (NaCl/H2O). Comparing the SR-PE in PC and water (Figure 7.2 and 7.4a) 
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with LiBTI serving as the electrolyte salt, we see minimal differences in the redox 
response of the films at low scan rates (≤250 mV/s), aside from the potential window 
being reduced to accommodate the stable window of water.185 NaCl is an equally 
effective electrolyte salt for this polymer (Figure 7.4a), and no degradation is observed 
over repeated cycling. Monitoring the peak current as a function of scan rate allows us to 
assess the kinetic limitations of the redox cycling in both PC and aqueous electrolyte 
systems. SR-PE films in both aqueous electrolytes exhibit a linear scan rate dependence, 
as seen in Figure 7.4b, with peak current values within error of each other up to 10 V/s. 
This is important as most polymers, including the SR-PE and same backbone with 
branched alkyl side chains (ethylhexyl or hexyldecyl, see Figure 7.5), begin to show 
diffusion-controlled behavior at scan rates above 250 mV/s in PC-based electrolytes. 
Using a NaCl/H2O electrolyte resulted in a smaller sample-to-sample deviation in peak 
current than the LiBTI/H2O electrolyte despite all films being prepared identically. The 
film mass capacitance values (as determined by cyclic voltammetry at 50 mV/s) are 
comparable in both LiBTI/H2O (42 ± 6 F/g) and NaCl/H2O (33 ± 4 F/g) and approach the 
same values as higher scan rates, as seen in Figure 7.6. While it is difficult to make direct 
comparisons with literature as capacitance values are highly dependent on whether they 
are determined by cyclic voltammetry or electrochemical impedance spectroscopy (EIS) 
and on the scan rate, if determined by the former, the mass capacitance of SR-PE is 
comparable to PEDOT:PSS, which has a reported mass capacitance of 39 F/ g186 
(determined by EIS and assuming a density of 1 g/cm3). Electropolymerized PEDOT has 
a higher mass capacitance of 92 F/g,187 not only due to the absence of solubilizing chains 
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or a matrix polymer, but also because it, unlike PEDOT:PSS, is able to completely 
depdope and achieve full depth of discharge.  
 
Figure 7.4. a) Cyclic voltammograms recorded at 50 mV/s and b) peak currents 
(with standard deviation) as a function of scan rate of films of SR-PE in various 
electrolytes (0.5 M).  
 
 
Figure 7.5. Scan rate dependences of drop-cast films of ProDOT(EH)-EDOT and 
ProDOT(HD)-EDOT on glassy carbon button electrodes in 0.5 M LiBTI/PC. 
Dashed lines illustrate the deviation from linearity at scan rates above 250 mV/s. 
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Figure 7.6. Mass capacitance (calculated from cyclic voltammograms) as a function 
of scan rate for films of SR-PE in various electrolytes. 
 
 It is important to note that the final protonation step that converts the CPE to a SR 
polymer does not require the use of pTSA but can be done using any acidic solution 
sufficiently strong to protonate the carboxylate groups. To demonstrate this, we 
performed the protonation step in a solution of 1 M HCl in methanol, which was found to 
be equally effective for rendering the films solvent resistant without changing the nature 
of the redox response.  
7.7 Biologically Compatible and Novel Electrolytes 
 As a result of the effectiveness of NaCl/H2O as an electrolyte, the scope of the 
aqueous compatibility was further explored. First, Ringer’s solution was tested, as it is 
compositionally similar to biological fluids, such as cerebral spinal fluid, and is often 
used in medical research. Second, human serum from blood was tested. From the CVs in 
Figure 7.7, it can be seen that both of these biologically relevant media are effective 
electrolytes for the SR-PE in their respective stable potential windows without 
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compromising the peak current, film capacitance (Figure 7.8a and 7.8b), or 
electrochemical reversibility. This is of particular importance as most OECT 
measurements are typically performed in NaCl/H2O, which, while an excellent first test, 
is not comparable to actual biological electrolyte systems.176,183,188 Because of this 
success, we decided to extend the family of electrolytes to commercial sports drinks to 
determine the versatility and robustness of SR-PE. Gatorade and Powerade were both 
found to be effective electrolytes for SR-PE in their stable potential windows (Figure 
7.7). This is an important result as the question of long-term redox stability is a constant 
concern in the field of CPs. This redox activity and stability in biological electrolytes 
demonstrates the potential for this polymer, and others of the same kind, in bioelectronics 
and other applications requiring complex or “harsh” electrolytes. Specifically, the 
combination of high film capacitance and aqueous compatibility is necessary for OECT 
devices as the figure of merit, transconductance, is directly proportional to the 
capacitance of the redox active film.176,186  
 
Figure 7.7. Cyclic voltammograms of the SR-PE in biologically relevant electrolytes 
(Ringer’s solution and human serum) and sports drinks (Powerade and Gatorade) 
at a scan rate of 50 mV/s.  
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Figure 7.8. a) Peak current as a function of scan rate of SR-PE and b) mass 
capacitance as a function of scan rate of SR-PE films in various novel electrolytes. 
  
7.8 Type I Supercapacitors incorporating solvent resistant polymers 
 To show the potential of these SR films in an electrochemical device, symmetrical 
Type I supercapacitors (schematic of the device architecture is shown in Chapter 2) were 
prepared that incorporated either the OS-PE or the SR-PE as the active material on both 
electrodes with LiBTI/PC (OS-PE and SR-PE), LiBTI/H2O (SR-PE only), and NaCl/H2O 
(SR-PE only) as the device electrolytes. Devices incorporating the OS-PE have linear 
scan rate dependence below 250 mV/s (tdischarge: 3.2 s). At higher scan rates, the mass 
capacitance drops rapidly and only ca. 10% of the initial capacitance is retained at 10 V/s, 
as seen in Figure 7.9. As we have shown for the films in a three-electrode cell in Figure 
7.4b, the current becomes diffusion limited at scan rates above 250 mV/s, so this result 
was not unexpected. In contrast, devices incorporating the SR-PE maintain their current 
and mass capacitance up to a charge/discharge rate of 1 V/s (tdischarge: 0.8 s), suggesting 
that the reduced steric bulk and higher degree of polarity of the side chains enhance the 
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electrolyte−polymer interactions. Because of the lower electrolyte conductance (3 
mS/cm) of LiBTI/PC compared to the aqueous analogues (LiBTI/H2O = 21 mS/cm, 
NaCl/H2O = 46 mS/cm), devices incorporating LiBTI/PC are not able to retain their 
capacitance above 1 V/s whereas the aqueous devices are able to retain ∼80% of their 
original capacitance even at 10 V/s (tdischarge: 0.08 s), as seen in Figure 7.10a and b. As 
shown in Figure 7.10c, the fill factor (recall that this is a measure of deviation from ideal 
behavior88,184) of devices incorporating NaCl/H2O remains unchanged from 50 mV/s up 
to 10 V/s. Devices incorporating LiBTI/H2O only exhibit a decrease of ∼15% of their fill 
factor at 10 V/s, while LiBTI/PC devices decreased to approximately half their initial 
values. The energy densities for these devices calculated form CVs at 10 V/s are 0.65 ± 
0.40 Wh/kg, 3.14 ± 1.0 Wh/kg, and 4.47 ± 0.35 Wh/kg, for LiBTI/PC, LiBTI/H2O, and 
NaCl/H2O, respectively. Correspondingly, the power densities for these devices 
calculated from CVs at 10 V/s are 6.52 ± 4.0 kW/kg (tdischarge = 0.1s), 39.4 ± 13 kW/kg 
(tdischarge = 0.08s), and 55.9 ± 4.4 kW/kg (tdischarge = 0.08s), for LiBTI/PC, LiBTI/H2O, and 
NaCl/H2O, respectively. To put this into context; commercially available supercapacitors 
have energy and power densities of 4-9 Wh/kg and 3-10 kW/kg, respectively.  
 Previous literature has demonstrated that hydrated ions are more mobile in polar 
environments, such as CPEs or in polymer films with polar side chains, e.g., glycols, 
alcohols, or acids rather than alkyl based side chains.183,189−192 The results presented here 
clearly support these conclusions, as a large difference in performance between the OS 
and SR-PE films are observed, and suggest that the alkyl side chains are limiting ion 
movement into/ out of the film.  
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Figure 7.9. Peak current and mass capacitance as functions of scan rate for OS-PE 
devices with LiBTI/PC as the electrolyte. 
 
 
Figure 7.10. a) Representative CVs of Type I supercapacitors incorporating SR 
films and various electrolytes (with dashed lines indicating ideal performance), b) 




 To more closely mimic actual device operation, the devices were evaluated by 
galvanic cycling where the charge/discharge behavior is monitored as a function of 
current density. As shown in Figure 7.11a for devices incorporating NaCl/H2O as device 
electrolyte, the charge/discharge behavior is highly symmetrical, as expected in an ideal 
supercapacitor, up to exceptionally high current densities of 20 A/g, corresponding to a 
∼1.1 s discharge time. This demonstrates that these devices have low internal resistance, 
fast ion diffusion, and fast charge transfer kinetics. The cycling stability of devices 
incorporating salt water and assembled under ambient conditions, was monitored over 
175 000 charge/ discharge cycles at 1 V/S (Figure 7.11b), and these devices are able to 
maintain >75% of their initial capacitance during these tests. This clearly demonstrates 
that water does not degrade these dioxythiophene-based CP over time, and it is expected 
that the observed drop in current could be reduced by device preparation under inert 
atmosphere to remove oxygen from the device. The next step for this research is to 
extend this method to other materials with repeat units optimized for charge storage and 
electrodes appropriate for a commercial device. In the end, you cannot achieve a much 




Figure 7.11. a) Galvanic cycling of a Type I SR-PE supercapacitor using a 0.5 M 
NaCl/H2O electrolyte and b) select CVs of an identical device over 175,000 
charge/discharge cycles at 1 V/s. 
 
7.9 Towards High Contrast and Rapidly Switching Salt Water-based 
Electrochromic Materials 
 To demonstrate yet another application for this water processable/solvent resistant 
polymer system, films were spray cast onto ITO-coated glass from water and evaluated as 
electrochromic materials. As shown in Figure 7.12a, this material is effective as a high 
contrast EC material with a vibrant blue neutral state (λmax = 613 nm) and a highly 
transmissive oxidized state. Similarly to other ProDOTx-EDOTy copolymers discussed in 
Chapter 3,144 the polaronic/radical cation absorbance is found at ∼1000 nm, and the 
bipolaron/dication band >1500 nm exhibits minimal tailing into the visible, resulting in 
the highly color neutral oxidized state. Films coated to a transmittance of only 2% at λmax 
in the colored state can maintain a high contrast (ΔT @ λmax = 68.0%) and switch to an 
oxidized state with a transmittance of ∼70%. The rapid redox switching seen in the 
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supercapacitors incorporating this polymer translates to a rapid change in color as shown 
in the chronoabsorptiometry in Figure 7.12b where 95% of a full contrast switch is 
achieved in just 0.17 s for a SR-PE film deposited to a transmittance of ∼7% in the 
neutral state. This is significantly faster than what is typically seen for EC polymers 
(including the same backbone structure with branched alkyl side chains in organic 
electrolytes) that require 0.5 to >2s to complete a full switch between the two states. This 
is not only due to the high ionic conductance of the salt water as this specific polymer is 
switching faster than previously reported aqueous compatible electrochromic 
polymers44,193,194 but is also due to the incorporation of EDOT units into the backbone, 
which was previously shown73,144 results in rapidly switchable EC polymers.  
 
 
Figure 7.12. a) Spectra recorded in 50 mV increments from -0.80 V to 0.70 V (vs. 
Ag/AgCl) and photos taken at -0.80 V and 0.70 V. b) Transmittance at λmax as a 
function of switching time of a spray-cast film of the SR-PE on ITO glass in 0.5 M 
NaCl/H2O switching from the charge neutral state (-0.80 V vs. Ag/AgCl) to the 
oxidized state (0.70 V vs. Ag/AgCl). 
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7.10 Conclusions and Perspective on WS/SR Polymers for Various Applications 
 In summary, this reported methodology of forming solvent resistant films from 
water-soluble polymers that are processed as aqueous-based inks has allowed for redox 
switching in a large variety of organic, inorganic, and biologically compatible 
electrolytes. Supercapacitor using the solvent resistant side chain have a higher mass 
capacitance and are able to maintain this capacitance at significantly higher 
scan/discharge rates than the corresponding polymer with hydrophobic side chains. NaCl 
in water was found to offer the best device performance with highly reversible behavior 
at scan rates of up to 10 V/s and charge/ discharge currents of 20 A/g. The use of salt 
water did not compromise stability, as the devices continued to operate effectively even 
after 175,000 charge/discharge cycles. The significance of this cannot be overstated, as 
the long-term stability of conjugated polymer-based redox active devices (such charge 
storing supercapacitors and ECDs) is vital for commercial use.  
 With this information in mind we should again consider bioelectronics. The 
combination of aqueous compatibility, high capacitance, excellent EC properties, and 
stability in aqueous media over extended cycling suggest that this material, and others 
like it, would be useful for bioelectronic applications, specifically OECTs. The high 
electrochromic contrast is potentially useful is this area as well, as monitoring color 
changes facilitates the determination of the extent of doping throughout the bulk of a film 




7.11 Experimental Details 
7.11.1 Materials 
 ProDOT(EH)-EDOT and ProDOT(HD)-EDOT were prepared as previously 
reported.73,144 The dibromo-tetraester ProDOT monomer was prepared via a previously 
published method.182 EDOT (97 %) was obtained from Alfa Aesar and vacuum distilled 
prior to use. Pd(OAc)2 (98 %, Strem Chemicals), pivalic acid (99 %, Sigma), K2CO3 
(anhydrous, Oakwood Products), 18-Crown-6 (99 %, Acros), diethyldithiocarbamic acid 
diethylammonium salt (97 %, TCI America), KOH (Technical Grade, Fisher Scientific), 
and pTSA (monohydrate, 98 %, Alfa Aesar) were used as received. DMAc (HPLC grade, 
Alfa Aesar) was filtered through a pad of alumina (basic, Sigma Aldrich) and degassed 
by argon bubbling prior to use. Sodium chloride (NaCl, biotechnology grade, Amresco) 
and lithium bis(trifluoromethanesulfonimide) (LiBTI, 99 %, Acros Organics) were used 
as received. Gatorade™ (Glacier Cherry) and Powerade™ (White Cherry) were 
purchased from a local grocery store and were degassed with argon. Propylene carbonate 
(PC, Acros Organics, 99.5 %) was purified using a solvent purification system built by 
Vacuum Atmospheres. Deionized (DI) water was collected by purification of tap water 
using a EMD Millipore Milli-Q Ultrapure Water system. Ringer’s Solution (Amphibian, 
Lab Grade) and Human Serum (Normal) were purchased from Ward’s Science and 
Atlanta Biologicals, respectively. Other solvents used (such as methanol, hexanes, and 
diethyl ether) were obtained from VWR and used as received except for chloroform, 
which was obtained from BDH. The cellulose separator was a cut piece of filter paper 




 The 1H-NMR (64 scans) spectra were collected on a Bruker ASCEND 800 MHz 
instrument using C2D2Cl4 as a solvent at a temperature of 323K. The molecular weight 
and dispersity of the polymer were obtained using a THF GPC at 35°C calibrated vs. 
polystyrene standards. The electrochemical measurements on films were performed in a 
three-electrode cell setup using either a Ag/Ag+ reference electrode (10 mM AgNO3 in 
0.5 M TBAPF6/ACN, E1/2 for ferrocene: 68 mV) for organic electrolytes or a Ag/AgCl 
reference electrode (1M KCl, purchased from CH Instruments, Inc.) for aqueous 
electrolytes, the counter electrode was a platinum flag. The cyclic voltammetry was 
performed on an EG&G PAR (model 273A) potentiostat/galvanostatic under CorrWare 
control. The long-term charge/discharge experiments on the Types I supercapacitor 
devices were performed on a Pine bipotentiostat (model AFCBP1) and monitored using 
AfterMath software. Galvanic cycling experiments were performed on a Metrohm 
Autolab Potentiostat/Galvanostat (Type PGSTAT101) and were monitored using NOVA 
2.0 software. Spectroelectrochemistry and chronoabsorptiometry were measured using an 
Agilent Technologies Cary 5000 UV-Vis-NIR Spectrophotometer under Cary WinUV 





7.11.3 Polymer Synthesis, Hydrolysis, and Acid Treatment 
 Organic Soluble Poly(ProDOT-alt-EDOT) (OS-PE) Synthesis: The dibromo-
tetraester ProDOT monomer (monomer 1) (1.00 g, 0.869 mmol, 1.00 equiv) and freshly 
distilled EDOT (monomer 2) (0.123 g, 0.869 mmol, 1.00 equiv) were added to a 38 mL 
pressure vessel equipped with a stir bar. Pd(OAc)2 (4 mg, 0.02 equiv), pivalic acid (26 
mg, 0.3 equiv), K2CO3 (0.299 g, 2.5 equiv), and DMAc (8.7 mL, 0.2 M, degassed with 
argon) were added, and the vessel was sealed under argon and placed in an oil bath at 140 
°C and stirred overnight (∼14 h). The reaction was cooled to ambient temperature, the 
reaction mixture was precipitated into methanol, and the resulting solution/precipitate 
was filtered into a Soxhlet thimble. The polymer was purified via Soxhlet extraction 
using methanol, acetone, and hexanes and then dissolved in chloroform. Approximately 
40 mg of a palladium scavenger (diethylammonium diethyldithiocarbamate) and ∼40 mg 
of 18-crown-6 were added to the polymer/chloroform solution which was concentrated 
under vacuum and then stirred for 2 h at 40 °C and subsequently precipitated into 
methanol. After filtering, washing with methanol, and drying the precipitate under 
vacuum, 0.928 g (94.4%) of a dark purple solid was obtained. 1H-NMR (800 MHz, 
C2D2Cl4, 50 °C) δ8.24 (t, 2H), 7.8 (d, 4H), 4.4 (d, 4H), 4.3−3.8 (br, 8H), 1.7 (s, 4H), 
1.45−1.0 (br, 36H), 1.0−0.6 (br, 29H). Anal. Calcd for C63H86O14S2 C 66.88, H 7.66, S 
5.67, Found C 66.85, H 7.62, S 5.73. Mn = 25.4 kDa, Đ = 2.8 (THF GPC at 35 °C vs 





 Post-Polymerization Hydrolysis To Form Water-Soluble PE (WS-PE): The 
OS-PE (400 mg) and a stir bar were added to a 100 mL round-bottom flask with 50 mL 
of 2.0 M KOH/methanol solution. The solution was degassed by bubbling argon through 
it for 30 min. The round-bottom flask was equipped with a reflux condenser and covered 
in argon and heated to reflux (65 °C) for 24 h while vigorously stirring. After cooling to 
room temperature, the suspension was filtered over a 0.45 µm filter and washed with 
methanol, chloroform, and diethyl ether. The solid polymer cake was dried under high 
vacuum overnight to yield 246 mg (83.4% recovery) of a water-soluble CPE, WS-PE.  
 Film Preparation/Post-Processing Functionalization: The WS-PE was 
dissolved in deionized water and either spray cast (4 mg/mL) onto ITO-glass substrates 
on a hot plate (∼60 °C) or drop cast (2 mg/ mL, 2 µL, 4 µg of polymer) onto glassy 
carbon button electrodes and air- dried for 30 min. The films were then dipped into a 1 M 
solution of p-toluenesulfonic acid (pTSA)/methanol (or 1 M hydrochloric acid 
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(HCl)/methanol) for 10 min (open to air). The resulting solvent resistant films were 
washed with methanol and allowed to air-dry. All film measurements (except for EC 
characterizations) were made in triplicate to ensure reproducibility.  
 
7.11.4 Type I Supercapacitor Device Fabrication  
 To evaluate this polymer for supercapacitor applications, electrodes were 
prepared by drop casting films onto glassy carbon electrodes (area: 0.07 cm2). Both of 
the electrodes were electrochemically conditioned by cycling them in the respective 
electrolytes (25 cycles for aqueous electrolytes and up to 100 cycles for lithium 
bis(trifluoromethanesulfonyl)imide (LiBTI)/ propylene carbonate (PC)). One of the 
polymer-coated electrodes was then electrochemically reduced to convert the polymer 
film to the charge neutral form (−1.0 V vs Ag/Ag+ for LiBTI/PC and −0.8 V vs Ag/ 
AgCl for aqueous electrolytes) for 30 s, and the other polymer films were converted to 
the fully oxidized form (1.0 V vs Ag/Ag+ for LiBTI/PC and 0.8 V vs Ag/AgCl for 
aqueous electrolytes) for 30 s. The two polymer- coated electrodes were assembled into a 
Swagelok-type setup and separated by a cellulose-based separator soaked in electrolyte. 
Before device assembly, the electrolyte solutions were degassed via argon bubbling, but 
no additional measures were taken to remove oxygen and moisture from the device as 
they were built on the bench in an ambient environment. All device measurements 
(except galvanic cycling and lifetime tests) were made on at least three devices to ensure 
reproducibility.  
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CHAPTER 8. INCREASED MASS CAPACITANCE THROUGH 
SIDE CHAIN DEFUNCTIONALIZATION OF CONJUGATED 
POLYMERS 
 
8.1 The High Side Chain to Backbone Ratio in Soluble Polymers and its Effect on 
Redox Switching and Mass Capacitance 
 
 The use of solubilizing side chains has allowed for solution processablility and a 
broad range of possible characterizations on conjugated polymers. Additionally, side 
chains can impart (or remove) order in a film and can be used to finely tune the 
morphology of polymer films and polymer/discrete molecule blends.197,198 However, in 
order to solubilize a polymer the side chains used must be relatively large, reducing the 
active material in the film. As shown in Scheme 8.1, many common polymers have more 
than 50% of their mass coming from side chains, compared to electropolymerized 
materials that can have no side chain at all. These side chains are redox inactive and 
electrically insulating. Moreover, it has been shown that the typical alkyl side chains, 
compared to more polar ones, can inhibit ion flow through a film.199 This was previously 
demonstrated in Chapter 7, with carboxylic acid side chains allowing for more rapid 
redox switching than using alkyl chains.200 Along with the slower redox switching and 
limited electrolyte compatibility, the significant mass of alkyl side chains, and side chains 
 147 
in general, in charge storage materials, such as PE2, reduce the mass capacitance of films 
and devices. 
 
Scheme 8.1. Structures of a few common soluble and insoluble conjugated polymers 
with the percent mass of side chains shown.  
 
8.2 Methods for Side Chain Defunctionalization 
 Side chains have been cleaved from polymer backbones following processing 
using several different methods. The group of Fréchet has used thermally cleavable 
groups to tune the interface properties of polythiophene for hybrid solar cells and to tune 
the band-gap of BTD copolymers.201,202 The Krebs group has explored acid cleavable 
silyl-based side chains for the preparation of polythiophene.203 As previously discussed in 
Chapter 7, the Reynolds group has used polymers with ester-based side chains that can be 
cleaved via hydrolysis to impart redox switching in aqueous electrolytes and tune the 
properties of the polymer film.182,193,194,200 The ester groups are more commonly oriented 
so that the carbonyl group is closest to the backbone, resulting in water soluble 
carboxylates upon hydrolysis. Alternatively, the ester can be oriented so that only an 
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alcohol remains on the polymer backbone after hydrolysis and the cleaved side chain 
bearing the carbonyl group in the form of a carboxylate. This was demonstrated with 
polyProDOT derivatives that, following film casting, were hydrolyzed via dipping in a 
KOH solution.179 IR spectra of the polymers show no indications of residual carbonyl 
groups after hydrolysis. The polarity of the alcohol groups on the polymer results in 
aqueous compatibility in a manner similar to the solvent resistant (SR) method discussed 
in Chapter 7. However, the materials previously prepared via this route were only 
examined as electrochromic materials and the overall redox behavior was not explored. 
 PE2 has been found to be a useful material and basic structure for redox active 
applications including electrochromism and charge storage.144 As shown in Scheme 8.2, 
the majority of PE2 by mass (54%) is side chains. As discussed in Chapter 3, if the side 
chains were not taken into account this material would have a mass capacitance higher 
than electropolymerized PEDOT. The SR carboxylic acid-based side chains described in 
Chapter 7, hereafter referred to as SR-COOH, also consist of a large amount (47%) of 
side chains (or side groups to be more accurate) that do not directly contribute to charge 
storage. Using the method developed by Reeves and described above, a PE2 polymer has 
been prepared so that upon hydrolysis only alcohol groups remain. This results in only 
~12% of the polymers mass consisting of side chains. This not only increases the mass 
capacitance of the film but also allows for aqueous compatibility.  
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Scheme 8.2. The structures of several ProDOT-EDOT2 copolymers bearing 
hydrocarbon of solvent resistant side chains. 
8.3 Development of SR-OH-PE2 
 The carboxylic acid side chain was prepared via oxidation of 2-hexyldecanol 
using Jones Reagent, as shown in Figure 8.1. The side chain was then attached via a SN2 
reaction with ProDOT(CH2Br)2 to yield the new ProDOT monomer using a previously 
described route.193 This material was then brominated with NBS using THF as the 
solvent. It should be noted that the bromination was initially attempted in DMF, although 
this did not result in the desired product because of the low solubility of the long non-
polar side chains in the highly polar DMF.  
 
Figure 8.1. Synthesis of the dibromo ProDOT monomer bearing ester side chains. 
 As outlined in Figure 8.2, DHAP was performed using typical conditions to yield 
the poly(ProDOT(2-decyltetradecyl ester)2-EDOT2) materials, DTe-PE2. This material is 
































































immersion in hot KOH/methanol for 30 minutes. Full synthetic details can be found in 
section 8.6. 
 
Figure 8.2. DHAP of the ProDOT monomer with biEDOT to yield DTe-PE2 and the 
following film casting and hydrolysis to generate SR-OH-PE2. 
8.4 Redox Behavior Analysis of PE2 Polymers 
8.4.1 Onset of Oxidation and Cyclic Voltammetry 
 From the onset of oxidation for the polymers it can be seen that changing the 
nature of the side chains has a significant affect on the material properties. As seen in 
Figure 8.3a and numerically in Table 8.1, there is little difference between the original 
PE2 and the SR-COOH precursor polymer, Te- PE2. This result is consistent with the PE 
polymers discussed in Chapter 7. However, unlike the previous result, SRCOOH-PE2 
also shows approximately the same onset in both organic and aqueous electrolytes. The 
new DTe-PE2 has a 90 mV lower oxidation potential than PE2 bearing only alkyl side 
chains. Upon hydrolysis the onset lowers by an additional 10 mV in LiBTI/PC and by 
100 mV in LiBTI/H2O, as shown in Figure 8.3b. This significant reduction in the onset 








































Figure 8.3. DPV traces of films of the PE2 polymers on glassy carbon button 
electrodes in a) 0.5 M LiBTI/PC or b) LiBTI/H2O. 
 
Table 8.1. Onset of oxidation (by DPV) and mass capacitance at a scan rate of 50 
mV/s of films of the PE2 polymers on glassy carbon button electrodes in 0.5 M 
LiBTI/PC. 
















66 ± 10 56 ± 7 53 ± 3 39 ± 5 50. ± 2 156 ± 21 144 ± 46 
a) Measured in LiBTI/PC using a Ag/Ag+ reference. b) Measured in LiBTI/H2O using a 
Ag/AgCl reference 
 
 CV traces of the PE2 and Te-PE2 polymers (Figure 8.4 a) are similar, as with the 
DPV onsets. The SR-COOH-PE2 has more pseudocapacitive behavior because of the 
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relative independence of the current from approximately -0.5 to 0.8 V. Both the DTe-PE2 
and SR-OH-PE2 have exceptionally broad redox responses, with the SR-OH polymer 
storing slightly more charge. 
 
Figure 8.4. CV traces of films of the PE2 polymers on glassy carbon button 
electrodes in 0.5 M LiBTI/PC. 
 From the charge required to switch the films the mass capacitance can be 
calculated, as listed in Table 8.1. The variation in mass capacitance (in F/g) is larger than 
initially expected based on the CVs. The mass of the SR-OH polymer was calculated by 
assuming full cleavage of the side chains upon hydrolysis based on the IR data previously 
discussed. The removal of the side chain not only broadens the electroactive response, 
thereby increasing capacitance directly, but results in a significantly reduction in mass. 
The calculated capacitance of SR-OH-PE2 (156 F/g) in LiBTI/PC is higher than what has 
been obtained for electropolymerized PEDOT (92 F/g)187 and is close to the theoretical 
maximum for PEDOT of 210 F/g (assuming a doping level of 0.33, as discussed in 
Chapter 1). Comparing the SR-COOH-PE2 and SR-OH-PE2 in LiBTI/H2O, as shown in 
Figure 8.5, depicts the difference in electroactivity from the reduced steric bulk. The 
 153 
increase in CV area (the charge) along with the reduced polymer mass results in a 
capacitance 144 F/g in an aqueous electrolyte. Additionally, the current independence 
from approximately -0.7 to 0.8 V makes this polymer an ideal material for SC devices. 
 
Figure 8.5. CV traces of films of two SR PE2 polymers on glassy carbon button 
electrodes in 0.5 M LiBTI/H2O. 
8.4.2 Mass Capacitance and Switching Speed 
 Plotting the mass capacitance as a function of scan rate allows for an assessment 
of the relative switching speeds of the polymers. All of the polymers switching in an 
organic electrolyte show significant drops in capacitance at higher scan rates, as shown in 
Figures 8.6a and 8.6b. SR-COOH-PE2, while having a lower initial capacitance, has the 
least decrease at higher scan rates, possibly because of the acid groups allowing efficient 
ion transport. The capacitance of SR-OH-PE2 at 10 V/s is comparable to the SR-COOH 
at 50 mV/s because of the initially high values. In an aqueous electrolyte, the SR-OH-PE2 
has a ~3x high capacitance than the SR-COOH-PE2. This does come at the cost of a high 





Figure 8.6. Mass capacitance as a function of scan rate of films of the PE2 polymers 
on glassy carbon button electrodes in 0.5 M LiBTI/PC. 
 
   
 
Figure 8.7. Mass capacitance as a function of scan rate of films of the two SR PE2 





 The use of the cleavable side chains presented here increases the mass capacitance 
and the broadness of the redox response. The SR-OH-PE2 can be switched in either 
organic or aqueous electrolytes and has the lowest onset of oxidation of any of the 
materials presented in this thesis and is approximately the same electropolymerized 
PEDOT. The mass capacitance of SR-OH-PE2 is higher than electropolymerized PEDOT 
with the benefit of processablility. The SR-OH-PE2 films have larger deviations between 
films, although the exact cause is currently unknown and requires further study. 
 
 
8.6 Experimental Details 
8.6.1 Materials 
 Pd(OAc)2 (98 %, Strem Chemicals), pivalic acid (99 %, Sigma), K2CO3 
(anhydrous, Oakwood Products), 18-Crown-6 (99 %, Acros), diethyldithiocarbamic acid 
diethylammonium salt (97 %, TCI America), KOH (Technical Grade, Fisher Scientific), 
and pTSA (monohydrate, 98 %, Alfa Aesar) were used as received. 2-Decyltetradecyl 
alcohol (97) was purchased from Sigma and was used as received. Chromium(VI) oxide 
was purchased from Alfa Aesar and used as received. Anhydrous DMF was obtained 
from AMD. Lithium bis-(trifluoromethanesulfonyl)imide (LiBTI, 0.5 M, Acros Organics, 
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99%) in either propylene carbonate (PC, Acros Organics, 99.5%, purified using a solvent 
purification system from Vacuum Atmospheres) or deionized H2O (from a EMD 
Millipore Milli-Q Ultrapure Water system) was used as the electrolyte. DMAc (HPLC 
grade, Alfa Aesar) was filtered through a pad of alumina (basic, Sigma Aldrich) and 
degassed by argon bubbling prior to use. The electrochemical measurements on films 
were performed in a three-electrode cell setup using either a Ag/Ag+ reference electrode 
(10 mM AgNO3 in 0.5 M LiBTI/ACN, E1/2 for ferrocene: 70 mV) for organic electrolytes 
or a Ag/AgCl reference electrode (1M KCl, purchased from CH Instruments, Inc.), the 
counter electrode was a platinum flag 
8.6.2 Instrumentation 
The cyclic voltammetry was performed on an EG&G PAR (model 273A) 
potentiostat/galvanostatic under CorrWare control. The 1H-NMR (64 scans) spectra were 
collected on a Bruker 700 MHz instrument using C2D2Cl4 as a solvent at a temperature of 
323K. The molecular weight and dispersity of the polymer were obtained using a THF 
GPC at 35°C calibrated vs. polystyrene standards. 
 
8.6.3 Monomer Synthesis 
2-Decyltetradecyl acid 
56.38 grams of CrO3 was dissolved in 56 mL of concentrated sulfuric acid and 170 mL of 
DI water to make a chromic acid solution. Separately, 50.002 grams of 2-
decyltetradecanol was dissolved in ~280 mL of acetone in a 1 L RB flask. The RB was 
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cooled in an ice bath and an addition funnel was added to the setup. Using the addition 
funnel, chromic acid solution was added over several hours. The initially clear acetone 
solution turned red and then gradually tuned green during this addition. The reaction was 
allowed to stir overnight at ambient temperature. The reaction was then quenched by the 
slow addition of isopropanol. The solution was extracted using 1:1 diethyl ether:ethyl 
acetate and washed with several litters of DI water. The organic layer was filtered 
through celite and the solvent removed under vacuum. This resulted in a pale green oil 
that solidified under vacuum overnight. The product was obtained as 49.9 grams (96%) 
of a wax like solid. 1H-NMR (700 MHz, CDCl3, 25 oC) δ 2.38 (m, 2H), 1.67-1.45 (m, 
12H), 1.38-1.23 (br, 34H), 0.91 (t, 6H, J = 7.1 Hz). 13C-NMR (176 MHz, CDCl3, 25 oC) δ 
44.99, 32.25, 31.93, 31.92, 29.75, 29.66, 29.60, 29.56, 29.48, 29.37, 29.35, 27.39, 22.70, 





10.0 grams (1 eq.) of ProDOT(CH2Br)2 was placed in a 500 mL RB flask along with 
27.22 grams (2.5 eq.) 2-decyltetradecyl acid and 16.165 grams (4 eq.) of K2CO3. This 
setup was placed under argon with a reflux condenser and 194 mL of anhydrous DMF 
was added. The reaction was heated to 100 oC overnight. The mixture was cooled to 
ambient temperature and extracted using diethyl ether and DI water followed by brine. 
The organic layer was filtered through a pad of neutral silica (washing with diethyl ether) 
and the solvent was removed under vacuum. The resulting oil was purified by column 
chromatography using 10% ethyl acetate in hexanes. The product was obtained as 24.5 
grams (86%) of a viscous oil. 1H-NMR (700 MHz, CDCl3, 25 oC) δ 6.49 (s, 2H), 4.21 (s, 
4H), 4.06 (s, 4H), 2.35 (m, 2H), 1.59 (br, m, 5H), 1.47 (br, m, 5H), 1.35-1.20 (br, 88H), 
0.90 (t, 14H, J = 7.1 Hz). 13C-NMR (176 MHz, CDCl3, 25 oC) δ 175.95, 149.05, 105.43, 
72.55, 62.53, 46.01, 45.70, 32.30, 31.95, 29.71, 29.68, 29.66, 29.64, 29.59, 29.50, 29.39, 






4.008 grams (1 eq.) of ProDOT(DcTd)2 was placed in a 250 mL RB flask and 44 mL of 
anhydrous THF was added. Under argon, 1.939 grams (2.5 eq.) of NBS was slowly 
added. The reaction mixture was cover with aluminum foil and allowed to stir overnight. 
The reaction mixture was filtered through a pad of neutral silica (washing with diethyl 
ether) and the solvent was removed under vacuum. The resulting oil was purified via 
column chromatography using hexanes. The product was obtained as 4.6 grams (98 %) of 
a viscous oil. 1H-NMR (700 MHz, CDCl3, 25 oC) δ 4.22 (s, 4H), 4.14 (s, 4H), 2.36 (m, 
3H), 1.67-1.53 (br, m, 7H), 1.52-1.42 (br, m, 5H), 1.35-1.20 (br, 96H), 0.90 (t, 14H, J = 
7.1 Hz). 13C-NMR (176 MHz, CDCl3, 25 oC) δ 175.85, 146.40, 91.48, 73.06, 62.40, 
46.20, 45.67, 32.26, 31.94, 29.72, 29.69, 29.67, 29.64, 29.59, 29.51, 29.39, 29.37, 27.49, 
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8.6.4 Polymer Synthesis 
Te-PE2 
The dibromo-tetraester ProDOT and biEDOT monomers were prepared via previously 
published methods33,37 The dibromo-tetraester ProDOT monomer (1.0002 g, 0.869 mmol, 
1 eq.), biEDOT (0.2453 g, 0.869 mmol, 1 eq.) and a stir bar were added to a 38 mL 
pressure vessel. Pd(OAc)2 (4.1 mg, 2 mol %), pivalic acid (26.7 mg, 0.3 eq.), K2CO3 
(0.3004g, 2.5 eq.), and N,N-dimethylacetamide (8.7 mL, 0.2 M, degassed by argon 
bubbling) were added to the reaction vessel which was then sealed under argon and 
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placed in a preheated oil bath (140 °C) and stirred overnight (~14 hours). The reaction 
was then cooled to ambient temperature and 5 mL of chloroform was added. The solution 
was precipitated into methanol and the resulting mixture was filtered into a Soxhlet 
thimble. The polymer was purified via Soxhlet extraction using methanol, acetone, 
hexanes, and then dissolving into chloroform. Approximately 20 mg of a palladium 
scavenger (diethylammonium diethyldithiocarbamate) and of 18-crown-6 were added to 
the polymer/chloroform solution, which was concentrated under vacuum using a rotary 
evaporator and then stirred for 2 hours at 40°C, and subsequently precipitated into 
methanol. After filtering, washing with methanol, and drying the precipitate under 
vacuum, 0.7193 g (yield: 65.1%) of organic soluble PE2 (OS-PE2) was obtained as a 
blue/black solid. It should be noted that upon drying the polymer becomes partially 
oxidized from air. This is reversible using hydrazine or electrochemical reduction. 1H-
NMR (800 MHz, C2D2Cl4, 50 °C) δ8.28 (t, 2H), 7.89 (d, 4H), 4.46 (t, 4H), 4.27 (m, 8H), 
3.95 (d, 2H), 1.74 (s, 4H), 1.50-1.03 (m, 45H), 1.00-0.53 (br, 31H). Anal. calcd. for 
C69H90O16S3 C:65.17, H:7.13, S:7.56, Found C:63.53, H:6.74, S:8.20. Mn = 16.0 kDa, Đ 
= 1.33 (THF GPC at 35˚C vs. polystyrene standards).  
WS-PE2 
75 mL of methanol, 8.4 g KOH (to make a 2 M solution) and a stir bar were added to a 
100 mL round bottom flask. The solution was degassed via argon bubbling for 30 
minutes. Te-PE2 (304.5 mg) was then added and the round bottom flask was equipped 
with a reflux condenser. The flask was covered in argon and heated to reflux (65 °C) for 
24 hours while vigorously stirring. After cooling to room temperature, the suspension 
was poured into a break apart funnel with a 0.45-micron filter and washed with methanol, 
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chloroform, and diethyl ether. The resulting solid polymer was dried under vacuum 
overnight to yield 176.5 mg (75.7% recovery) of the water-soluble version of the 
copolymer (WS-PE2) as a dark purple powder. 
SR-PE2 
Films of the WS-PE2 were converted to the SR form by dipping into 1 M pTSA/methanol 
for 10 minutes, as previously described in Chapter 7. 
DTe-PE2 
The ProDOT(DcTd)2-Br2 monomer (0.7848 g, 1.00 equiv) and biEDOT (0.2060 g, 1.00 
equiv) were added to a 38 mL pressure vessel equipped with a stir bar. Pd(OAc)2 (6 mg, 
0.02 equiv), pivalic acid (28 mg, 0.3 equiv), K2CO3 (0.2811 g, 2.5 equiv), and DMAc 
(7.3 mL, 0.2 M, degassed with argon) were added, and the vessel was sealed under argon 
and placed in an oil bath at 140 °C and stirred overnight (∼14 h). The reaction was cooled 
to ambient temperature, the reaction mixture was precipitated into methanol, and the 
resulting solution/precipitate was filtered into a Soxhlet thimble. The polymer was 
purified via Soxhlet extraction using methanol, and acetone and then dissolved in 
hexanes. Approximately 40 mg of a palladium scavenger (diethylammonium 
diethyldithiocarbamate) and ∼40 mg of 18-crown-6 were added to the 
polymer/chloroform solution which was concentrated under vacuum and then stirred for 
2 h at 40 °C and subsequently precipitated into methanol. After filtering, washing with 
methanol, and drying the precipitate under vacuum, 0.328 g (38%) of a dark blue solid 
was obtained. 1H-NMR (700 MHz, C2D2Cl4, 50 °C) δ 4.55-4.18 (m, 12H), 1.9-1.55 (br), -
1.55-1.09 (be), 1.03-0.84 (br). Anal. Calcd for C69H110O10S3 C 69.31, H 9.27, S 8.04, 
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Found C 66.75, H 8.81, S 8.89 Mn = 16.8 kDa, Đ = 1.1 (THF GPC at 35 °C vs 




Following drop casting of DTe-PE2 films on glassy carbon button electrodes, the 
electrodes were suspended in a solution of 2 M KOH in methanol at 55 °C for 30 





CHAPTER 9. CONCLUSIONS, PERSPECTIVE, PATH 
FORWARD, AND FURTHER QUESTIONS 
 
“It's the questions we can't answer that teach us the most. They teach us how to think. If 
you give a man an answer, all he gains is a little fact. But give him a question and he'll 
look for his own answers.” 
- Patrick Rothfuss, The Wise Man's Fear 
 
9.1 Conclusions and Perspective 
The research presented in this thesis has created state of the art electrochromic and 
capacitive polymer that possess superior properties, processablility, and versatility than 
previously explored materials. Systematic repeat unit manipulation has lead to design rule 
for new charge storage materials. Analysis of interring interactions and electronic 
characteristics has resulted in an understanding of electrical conductivity in soluble 
XDOT copolymers. Chemical functionalization/defunctionalization of XDOT 
copolymers tunes the bulk polarity of polymer films as results in exceptionally rapid 
redox switching in environmentally benign, aqueous electrolytes. 
While the primarily applications discussed are charge storage and electrochromism, 
it is clear that the exceptional properties of the polymers discussed will be of impact to 
other areas in organic electronics research. The use of the WS/SR polymers in organic 
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bioelectronic devices is of particular interest due to the rapid and stable aqueous redox 
switching along with the tunable capacitance of ProDOT/EDOT copolymers. The work 
presented can be considered in four aspects: charge storage, electrochromism, electrical 
conductivity, and water solubility/compatibility. 
9.1.1 Charge Storage 
The development of a soluble PEDOT analogue, in the form of a PE2 repeat unit, 
has set a new standard for polymer charge storage and lead to an overall change in how 
this research is performed. It has moved us from electropolymerized films to solution 
processable materials and further developments have brought about aqueous processing 
and compatibility. Tuning of the polymer side chains resulted in redox active films using 
benign aqueous electrolytes including human serum and NaCl/water with superior 
switching speed ion transport compared to typical soluble or electropolymerized 
polymers.  These materials have now been used successfully in flexible SC devices and 
work is underway in using them in interdigitated micro SCs and bioelectronic 
applications. The results and materials in Chapters 3, 7, and 8 can be used to make better 
SC devices, however, it is unclear how to improve upon these structures for p-type 
materials. The next step for SC research must lie in, either n-type polymers so that Type 
IV SCs can be built, or in device engineering to demonstrate the true potential of these 
materials. While Type III devices are fundamentally interesting, I do not believe that a 
single material can be designed for p and n-type charge storage without compromising 
various figures of merit, such as fill factor.  
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9.1.2 Electrochromism  
In terms of EC properties, the materials presented here are on par with state of the 
art electrochromic materials. The fact that organic soluble PE2, in the neutral state, is 
optically indistinguishable from PEDOT to a standard observer makes it an ideal 
candidate for color mixing and other applications requiring a blue to color neutral ECP. 
The addition of XDOSs and PheDOTs to the list of usable monomers for EC research is 
expected to allow for finer color tuning and control of redox properties. Moreover, these 
units provide specific properties that can be used in designing new materials. The 
inherently lower band-gap of XDOS containing polymers can be used as a simple way to 
red-shift the absorbance of materials without additional structural modifications. The 
exceptional stability of PheDOT with or without bromides allows for larger, more 
complex monomers to be prepared without degradation due to excessive electron density. 
The higher onset of oxidation of PheDOT containing polymers compared to the 
corresponding EDOT polymer, while not useful for SCs, is also convenient for polymer 
blending as, ideally, all of the polymers in the blend should oxidize at approximately the 
same potential to minimize intermediate colors being observed.  
9.1.3 Electrical Conductivity of Polymers  
The results of Chapter 6 show that a high electrical conductivity (~250 S/cm for 
PE2) can be obtained from p-doped soluble dioxythiophene based polymers that are 
relatively amorphous. This conductivity, combined with the low onset of oxidation, 
allows PE2 to act as a color neutral electrode materials for other ECPs. Further studies 
will be needed to determine if the Seebeck coefficient and/or the electrical conductivity 
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can be raised to a level that would allow them to compete with PEDOT:PSS. These 
results have lead to increased interest in the conductivity of soluble XDOT-based 
polymers when doped.  
9.1.4 Water Solubility/Compatibility 
The WS/SR and SR-OH polymers discussed in Chapters 7 and 8, respectively, are 
of interest not only as SC and EC materials, but also in applications ranging from ion 
sensing to controlled drug release to transparent electrode materials. The higher solution 
conductance and lower toxicity of aqueous compared to organic electrolytes is useful for 
almost any redox active application. Currently, the WS/SR polymers are being evaluated 
for plasmonic resonance tuning of metal nano-structures in collaboration with the 
Tsukruk group.  
 
9.2 Path Forward 
9.2.1 PheDOTs 
 The PheDOT unit can now be used as a standard monomer for designing 
electrochromic materials. Soluble PheDOTs are a possible next step as it could act as a 
planar solubilizing unit for ordered conjugated polymers. However, these alkylated 
PheDOTs are tedious to make using the present synthetic method. Alkylated 3,4-
vinylenedioxythiophenes (VDOTs) are another possible next step. This could yield 
highly ordered and planar materials, like the soluble PheDOT, that are of interest for EC, 
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SC, and conductivity research. The structures of soluble PheDOT and VDOT 
homopolymers are shown in Figure 9.1.  
 
Figure 9.1. Structures of polyPheDOT (left) and polyVDOT (right) functionalized 
with solubilizing side chains. 
9.2.2 XDOSs 
 The results of Chapter 5 show that copolymers containing XDOSs behave as 
expected based on the literature and that these polymers can be prepared using our typical 
methods. New XDOS homopolymers would be useful as electropolymerized XDOSs can 
have peak absorbances between 700 and 800 nm, removing the need to have a donor-
acceptor polymer in black or brown ECP blends and thereby increasing the integrated 
contrast across the visible. The problem with using these materials is the low yield 
(around 30%) and toxic chemicals required to form 3,4-dimethoxyselenophene. One 
route to avoid this is to start from sodium selenide (from the reaction of sodium metal 
with elemental selenium) and ethyl bromoacetate followed by a Hinsberg Condensation 
to form the 2,5-diester selenophene-3,4-diol. This compound has been reported in the 
literature and could be used as a convenient starting point to many different XDOS 
monomers. While this route consists of more steps than the typical procedure, I believe it 










9.2.3 Conductivity in Soluble XDOT Polymers 
 The high electrical conductivity of PF6- doped PE2 is promising for soluble XDOT 
materials for transparent electrodes and OTE materials. The WS/SR polymers are an 
obvious next set of materials to be studied as the side chains can be manipulated without 
altering the degree of polymerization, thereby removing a variable. New polymers with 
more rigid structures, from either non-bonding interactions or fused ring, and improved 
packing could also be a route to high conductivity materials. Finally, the dopant (both 
cation and anion) clearly plays a significant role in the resulting conductivity. However, 
finding the optimal dopant for a given system is not a trivial task and one should not 
assume that the conditions and dopants that are best for one system would give the 
highest conductivity for another. Two dopants of great interest are ferric 
hexafluorophosphate (Fe(PF6)3) and thianthrinium perchlorate. Unfortunately, Fe(PF6)3 
has not been reported (in the absence of ligands) and thianthrinium perchlorate is shock 
sensitive and can explode. Perhaps the solution lies in the development of new dopants. 
9.2.4 WS/SR Polymers 
 The WS/SR method presented in Chapter 7 shows great promise for many 
applications. SR-PE2 is currently being investigated as a pseudocapacitive materials in 
flexible Type I supercapacitor devices using a non-woven carbon nanotube textile as the 
electrodes. Additionally, another one of these polymers (SR-ProDOT-DMP) is being 
evaluated as an active material for OECTs because of the combination of aqueous 
compatibility, efficient ionic mobility, and relatively high capacitance. The treatment of 
these films with different metal ions (such as Ca2+) could be useful for tuning the 
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thermoelectric properties of the films, however, no experiments in this area have been 
performed.  
9.2.5 Cleavable Side Chains 
 Investigation of these materials in SC devices is needed to compare them to 
electropolymerized devices. Spectroelectrochemistry and chronoabsorptiometry could be 
used to compare the ion mobility of the SR-OH films to the SR-COOH. Possibly the most 
interesting use of SR-OH-PE2 is as a transparent electrode material. It is expected that the 
electrical conductivity of this material upon doping will be higher than the ~250 S/cm of 
PF6- doped PE2 bearing alkyl side chains as most of the insulating side chains are 
removed. Moreover, once polymer is cast and the side chains are cleaved other materials 
can be coated over it using a variety of methods without disrupting the SR-OH-PE2 
electrode.  
 
9.3 Further Questions 
9.3.1 Why is the CPE used in Chapter 7 redox inactive? 
 Interestingly, the CPE forms of PE and PE2 are redox inactive in typical organic 
electrolytes (TBAPF6 or LiBTI in PC or ACN) and ionic liquids (neat or in PC). This is 
unexpected as other CPEs not only switch but also can self-dope. While I am unsure how 
to probe this phenomenon, impedance spectroscopy is a logical first step. Additionally, 
comparable CPEs with carboxylate side chains that are not attached to a phenyl may 
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provide incite. Another question is weather the CPE form will be inactive if it is formed 
via hydrolysis of the film after casting rather than in the bulk followed by isolation. 
9.3.2 How do we make Near-IR absorbing ECPs without acceptors? 
 ECPs that absorb long wavelength visible or IR light are important for 
applications ranging from display to sensors to IR antennas, Currently, acceptor units 
(such as benzothiadiazole or isoindigo) must be used to make long wavelength absorbing 
EC polymers. These units reduce the contrast of the resulting film and tends to cause 
trailing of the bipolaron band into the visible region, resulting in blue/gray oxidized 
states. While it should be noted that electropolymerized PEDOS-C6 absorbs out to ~800 
nm (λmax = 763 nm), a soluble analog of this compound has not been produced and a 
route to further lowering of the bandgap in an all donor system is not known. Perhaps a 
poly(3,6-dioxyselenoselenophene) such as the structure proposed in Figure 9.2.  
  
Figure 9.2. Proposed structure of a poly(3,6-dioxyselenoselenophene). 
 
9.3.3 How can decarboxylative coupling be used as a polymerization method?  
 In 2010 Frank Arroyave reported a Pd catalyzed decarboxylative coupling 









on this work the following year with the synthesis of additional trimers and pentimers in 
moderate to high yield.204,205 One can imagine that this reaction could be performed using 
a dibromide and a dicarboxylate to form dioxypyrrole copolymers, as shown in Figure 
9.3. However, both Frank and I have failed to achieve this. The reactions conditions 
reported by Frank do not result in high weight polymers and my few attempts to modify 
the procedure have yielded inconsistent results. If this method were optimized for 
polymerizations it would allow for a simple route to high-gap ECPs and could solve 
several long-term problems in the EC field. How do we tune the reaction so that coupling 
occurs fast enough and at a low enough temperature that the XDOP does not 
decarboxylate, either through palladium catalysis of thermally, without a corresponding 
coupling event?  
 
Figure 9.3. A proposed decarboxylative polymerization of an aryl dibromide and a 
dicarboxylic acid XDOP.  
 
9.3.4 Why does DHAP not proceed efficiently with highly electron rich compounds? 
 DHAP is known to require different conditions (primarily different solvent 
polarity) based on the electron richness of the monomers used and, as discussed in 
chapter 2, a universal set of reaction conditions have yet to be developed. While some 















others do not. For example, 3,4-Propylenedioxypyrrole (ProDOP) and 3,4-
ethylenedithiothiophene (EDTT), both of which are more electron rich than EDOT, do 
not undergo Pd catalyzed C-H activation efficiently. Why? As XDOPs undergo 
decarboxylative and Suzuki cross-coupling reactions, we can conclude that the problem 
lies in the C-H activation step and not in the reductive elimination step. One possibility is 
a lack of coordination of between the electron rich unit and the Pd(II) catalyst. Another is 
a decrease in the acidity of the C-H bond because of the increased electron richness of the 
ring, thereby halting the catalytic cycle at the concerted Metalation deprotonation step. I 
do not expect increasing the polarity of the solvent will provide the needed push for the 
reaction although addition of a stronger based (such as KOtBu) could be a route to 
explore. Could additives that promote C-H activation be used the reaction media to drive 
the reaction? Maybe a bimetallic catalyst system, with one metal for the C-H activation 












“‘I checked it very thoroughly,’ said the computer, ‘and that quite definitely is the 
answer. I think the problem, to be quite honest with you, is that you've never actually 
known what the question is.’" 




“Look at me still talking when there's science to do.” 
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